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Preface 


The advancement in mobile technology and heavy dependability on data access by users 
in daily life demands search for new and sophisticated technologies to meet growing 
demand. At one end, the service providers require high-capacity backbone networks and 
at the other, the users are demanding high-speed connectivity to access heavy data in the 
form of video and data. Although the existing technologies using advanced physical layer 
techniques and improved hardware components like sources, detectors, and antennas can 
be used to achieve high data rates, they still cannot achieve the Gigabits per second (Gbps) 
and Terabits per second (Tbps) speed, which is due to the limited bandwidth availability. 

New frequency bands are being explored for high-speed links and to fulfill the 
requirements for Beyond Sth Generation (B5G) networks like ultra-high throughput and 
ultra-low latency. One of the alternatives is millimeter wave bands. Still it is not enough 
to satisfy the requirements of future BSG wireless communication networks. For example, 
applications like wireless local area networks, virtual reality devices, data centres, and 
autonomous vehicles require a data rate up to at least 100 Gbps. 

The Terahertz frequency bands (0.1 GHz to 10 THz) is therefore envisioned as a prom- 
ising candidate for BSG networks. These bands are being used in different applications 
like imaging, spectroscopy, and wireless communication. Among them, wireless communi- 
cation is the least explored area, which is currently in heavy demand for B5G communi- 
cation networks. Currently, the wireless communication research and trials for above 100 
GHz links are underway for both indoor and outdoor channels for different transmitter 
and receiver antenna configurations and polarizations at multiple frequencies. The main 
experiments for channel modeling are focused on propagation measurements, directional 
path losses, and penetration losses. 

There are many books available on the imaging and spectroscopy applications using the 
Terahertz band. The most relevant are those discussing the device and materials aspects of 
Terahertz technology. However, none of the books discusses Terahertz wireless communi- 
cation and its suitability for BSG communication networks. So the wireless communica- 
tion aspects using Terahertz bands like channel, transceivers, antenna, beam management, 
and communication layer aspects with deployments are presented for the first time in this 
book. This book also highlights the relevant challenges for bridging the gap between the 
existing technologies and the Terahertz wireless communication for B5G communication 
networks. 

The contents of this book show the relevancy of the book for researchers at different 
levels, postgraduate students, service providers looking to enhance their backbone and 
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frontend network capacity, and data centre operators for reshaping the future data centre 
geometry. 


Terahertz Communication Networks 


The global traffic is expected to reach 400 exabytes by 2022,! which requires high band- 
width and capacity links to cater to future traffic demands. The lower frequency bands 
cannot meet these requirements due to limited bandwidth availability. Therefore, the 
interest is shifting toward more potential bands like the Terahertz band, which can pro- 
vide speeds up to Tbps with huge bandwidth availability. The Terahertz band communi- 
cation appears as a promising technology for future wireless communication networks 
and can be used to fulfill the future traffic demands for many indoor and outdoor com- 
munication networks. Using the Terahertz band, a file in gigabytes can be downloaded in 
a few seconds, which would take several minutes previously, using lower frequency bands 
including Industrial, Scientific, and Medical (ISM) and cellular bands. 

Besides the ultra-high bandwidth availability, the Terahertz band suffers from high 
path loss and molecular absorption loss, which affects the achievable communication dis- 
tance and throughput. To enhance the communication distance, directional antennas are 
required with multiple antennas and beam management techniques. Due to these unique 
band features and requirements like path and molecular absorption loss, scattering, and 
reflection phenomenon, novel techniques are required for Terahertz communication 
networks at the nano and macro scale for indoor and outdoor applications including 
channel and propagation models; antenna technology and beam management; physical 
layer techniques including modulation and coding, frame error control and bit error rate; 
medium access control (MAC) layer techniques including link establishment, interference 
mitigation, resource management, blockage mitigation, and addressing; and network layer 
techniques for routing and end-to-end network efficiency. 

The existing literature on Terahertz communication covers device technology including 
resonant tunnelling diodes, Uni-Traveling-Carrier Photodiodes (UTC-PDs), and Schottky 
diodes (STDs) with material like graphene and antenna design. However, only a few 
studies are available on communication aspects to enable high-bandwidth Terahertz 
communication networks. Due to the potential of the Terahertz band, it can be used in 
applications like small cell deployment, backhaul communication, inter-satellite com- 
munication, indoor wireless access networks like local area networks, personal area 
networks, data center networks, and nano-communication networks. For each scenario, 
different challenges need to be addressed. Due to huge bandwidth availability, it can ful- 
fill the requirements for 5G and BSG networks like high throughput, low latency, and 
massive connectivity. 

The continuous evolution of wireless networks from the first generation to fourth gen- 
eration provides additional capacity. The BSG networks in this regard are also being 
engineered to provide high-capacity links with high throughput and low latency to sat- 
isfy user demands. Therefore, the prime objectives for Terahertz communication for B5G 
communications are ultra-high data rate up to Tbps for sufficient transmission distance, 
ultra-low latency for massively connected devices, reliability for mobility environments, 
and high energy efficiency for various mobile networks and terminals. 
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The 5G and BSG have opened the floodgates for higher bandwidth. After the wider 
adoption of millimeter-wave bands, the Terahertz bands using more than 100 GHz band- 
width will be inevitable to realize as sixth generation and beyond networks. 


Intended Audience 


This book would be of interest to multiple groups of researchers, postgraduate students, 
service provides, and network operators, who are working on BSG development and 
deployment. 


e Academics: BSG has already been a major area of research and study for many edu- 
cational institutions all over the world. As Terahertz frequency is used in BSG wireless 
communication networks, there is no book available that can be used for teaching and 
Terahertz components understanding this interesting field. 

e Network operators: The network operators will be looking to adopt BSG tech- 
nology to offer new services to their customers. This book will provide guidelines and 
techniques to deploy and develop Terahertz technology. 

+ Data centre operators: The data centre operators will look for new strategies and 
technologies to satisfy the future traffic demands. This book will help the operators 
in reshaping the existing data centre geometry and to go for an alternative to achieve 
above 100 Gbps backbone networks. 

+  'Telecommunication researchers: B5G forms one of the key interest areas for telecom- 
munication researchers with regard to high-capacity and flexible Terahertz backhaul 
links. This book will offer a single source of major Terahertz technology components 
including channel, antenna, and beam management. 

e Vehicular industry: The vehicular industry is continuously attempting to design 
autonomous driving vehicles and smart cars. This book will give insights into the use 
of appropriate channel models and antenna technology to exchange above 100 Gbps 
data to advance smart car technology. 


Organization of the Book 


The book covers various parts in Terahertz wireless communication networks and 
is divided into four parts: Terahertz transceivers and devices, Terahertz channel 
characteristics and modeling, Terahertz antenna design, and Terahertz links, applica- 
tion, and deployment. First, a perspective of future Terahertz systems is presented in 
Chapter 1, in which the interaction between the Terahertz sensing, imaging, and local- 
ization is presented. 

Part I presents Terahertz transceivers and devices with an overview of Terahertz 
networks. Chapter 2 describes the basic working principle of resonant tunnelling diode 
(RTD) driven oscillator and current state-of-the-art RTD-based transmitters, receivers, 
and transceivers technology, with performance and possible future solutions. Chapter 3 
provides an overview of main characterization techniques for emitter (transmitter) and 
detector (receiver) devices used in Terahertz wireless links, with emitter frequency spec- 
trum, power, and beam profile, and detector responsivity and spatial acceptance. 
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Part II deeply looks into the channel characteristics, measurements, and modeling 
with line/non-line of site propagation for different applications with interference issues. 
Chapter 4 gives basics of stochastic modeling of the interference in above 100 GHz wireless 
systems with directional antennas and various channel impairments. Chapter 5 introduces 
key aspects of Terahertz channel characteristics and measurements. It also describes the 
theoretical concepts of Terahertz channel characterization, limitations, requirements, and 
methodologies for measurements and analysis. Chapter 6 provides initially a brief over- 
view of Terahertz communication networks and then different channel propagation cat- 
egories like line/non-line of site propagation with their background and importance. 

Part III describes the antenna design and technology for Terahertz communication 
networks and focuses on antenna advancements, beamforming, and blockage mitigation. 
In Chapter 7, an overview of different types of Terahertz antenna like planar, reflectarray, 
horn, and lens antenna are given. The latest trend of designing the Terahertz antenna using 
graphene and carbon nanotubes is describe and their performance against the traditional 
copper-based Terahertz antenna compared. A discussion on Terahertz’s power sources 
is also presented along with different fabrication techniques and processes of Terahertz 
components. The use of directional antennas in Terahertz communication requires tight 
alignment and faces blockage issues. Chapter 8 discusses the antenna misalignment and 
blockage issues for Terahertz links and presents suitable models for their characteristics. 
The impact of antenna misalignment is quantified in terms of total directional gain and 
blockage in terms of blocking probability. Further, different antenna misalignment 
and blockage mitigation approaches are presented with their performance, advantages, 
and disadvantages. In Chapter 9, an overview of hybrid beamforming techniques for 
wireless Terahertz communication systems is presented. The basic concepts and capacity 
performance analysis for narrow-band and frequency selective hybrid beamforming is 
presented. The multi-user scenario and distance-aware multicarrier modulation are also 
discussed with performance anal.lysis, design, and implementation. In Chapter 10, the 
fundamental aspects of the ultra-massive multiple input multiple output (MIMO) antenna 
system and plasmonic nano-antenna array are introduced with their design aspects, model, 
applications, and implementation challenges. In Chapter 11, different techniques for the 
fabrication of passive components like antennas and waveguides are discussed with an 
overview of planar antennas and phased array. Some technical challenges of millimeter- 
wave signal generation and the current state of the art using microwave photonics is also 
presented. 

Part IV presents the use of Terahertz technology and links for different applications 
and their deployments. Chapter 12 presents an overview of inter-satellite links and also 
proposes a Terahertz band-based inter-satellite link system. The state-of-the-art on the 
suitability of inter-satellite links adoption using size, power, and data rate, is presented. In 
Chapter 13, the integration and capability of Terahertz components and systems above 100 
GHz are described to support the 5G radio access network and BSG networks with their 
challenges. In Chapter 14, the recent advancement in Terahertz waveguides is presented 
with specific applications and design challenges. Besides, various waveguide designs of 
active and passive components for signal processing are also explained. In Chapter 15, a 
solution framework for resource management in the future Terahertz system is highlighted. 
Different types of resources such as fixed, variable, and imposed are presented with their 
system performance and models. In Chapter 16, the Terahertz communication zones 
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are discussed to tackle connectivity issues in Terahertz communication networks. The 
issues like channel modeling and designing suitable modulation and coding schemes are 
discussed followed by signal processing, energy-efficient, and cooperative communication 
challenges. Finally, in Chapter 17, possible types of data centre network architectures are 
discussed for Terahertz link utilization, which is based on the software-defined networking 
principles to promote automated configuration. The network function virtualization is 
also described to utilize software-defined network-enabled Terahertz links. 


Note 


1 Cisco per month forecast. https://davidellis.ca/wp-content/uploads/2019/05/cisco-vni-feb 
2019.pdf. 
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l.l Introduction 


As the demand for bandwidth continues to increase, wireless communication carrier fre- 
quencies continue to expand. Recently, efficient communication paradigms have been 
demonstrated at the millimeter (mmWave) band [1,2], as well as at the optical band in free 
space optics (FSO) and visible light communications (VLC) [3,4]. In between, the terahertz 
(THz) band stands as an unexamined part of the radio frequency (RF) spectrum. RF engin- 
eers mark any system operating beyond 100 GHz as a THz system, below which popular 
mm Wave applications are placed. On the other hand, optical engineers observe all fre- 
quencies beneath the far-infrared (10 THz threshold) as THz frequencies. Nevertheless, as 
defined by IEEE Transactions on Terahertz Science and Technology, the THz band ranges 
between 300 GHz and 10 THz. 

Today, researchers are exploring technologies from both neighboring bands to advance 
THz communications and close the so-called THz gap that existed because of the absence 
of efficient and compact THz devices. Contemporary THz transceiver design research is 
employed mostly in electronics and photonics [5-8]. Even though a significant data rate gain 
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is observed in photonic technologies, electronic solutions continue to be superior in gen- 
erating higher power. Electronic solutions [5] are principally based on silicon complemen- 
tary metal-oxide-semiconductor (CMOS) technology, high electron mobility transistors 
(HEMTs), and III-V-based semiconductors in heterojunction bipolar transistors (HBTs). 
Photonic solutions [6], on the other hand, are based on photoconductive antennas, uni- 
traveling carrier photodiodes, quantum cascade lasers, and optical down-conversion 
systems. Besides, integrated hybrid electronic-photonic solutions [7] are gaining popu- 
larity as they can achieve a good trade-off between reconfigurability and performance. 
Similarly, plasmonic solutions based on novel materials are emerging, graphene-based 
solutions [9], in particular. 

Traditional THz-band use cases have been in imaging and sensing [10-14]. Recently, 
the progress in signal generation and modulation techniques at the THz band is paving 
the way toward THz communication-based use cases [15-20]. THz communications 
promise to enable ultra-low latency and ultra-high bandwidth communication schemes, 
to support mobile wireless medium-range communications at both the access and device 
levels in the context of indoor and outdoor communications (Figure 1.1). By merging 
THz communications, sensing, imaging, and localization, THz technology can realize 
6G ubiquitous wireless intelligence [21-23]. This chapter advocates the merging of these 
applications by detailing the corresponding system models and illustrating proof-of- 
concept results. 


1.2 THz Communications 
1.2.1 Use Cases for THz Communications 


THz communications are expected to be realized in the future sixth-generation (6G) of 
wireless mobile communications [24-27] and beyond, enabling ultra-low latency and 
ultra-high bandwidth communication models. Consequently, several research groups 
have drawn substantial funds to carry THz research, and standardization attempts have 
started [28-30]. THz communications promise a terabit/second data rate, which opens 
the door for applications that cannot be accomplished in mmWave systems. Compared to 
mm Wave communications, THz communications sustain higher directionality, maintain 
greater resilience to eavesdropping, and are less sensitive to inter-antenna interference and 
free-space diffraction. This is mainly due to the inherently shorter wavelengths at THz 
frequencies, further resulting in THz systems being realized in much smaller footprints. 
Furthermore, as opposed to VLC/FSO, THz signals are less influenced by factors such as 
cloud dust, scintillation, ambient light, atmospheric turbulence, and others. Nevertheless, 
by simultaneously using mmWave, THz, and optical communications in a heterogeneous 
plan, availability can be enhanced. 

In a particular use case, THz-band communications can enhance future vehicular 
networks, both in terms of reliability and latency [31]. Reliable and high-speed 
communications are critical demands of future vehicular networks, where the bird’s-eye 
view for a vehicle necessitates 50 ms latency and 50 Mbps data rate [32]. Correspondingly, 
automatic over-take requires less than 10 ms latency for 99.999% reliability. Therefore, 
researchers envision that using the THz band will improve safety solutions and enable 
various other applications such as remote driving and vehicle platooning. 
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Figure 1.1 Prospective outdoor and indoor THz-band applications in communications and sensing. 
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In another plausible use case, the THz band can accommodate high-speed 
communications among drones. Recently, flying ad-hoc networks (FANETs) consisting of 
several drones have enabled broadband communication services in rural areas or disaster- 
affected places. In such scenarios, the THz band is useful in achieving high capacity and is 
also more flexible than FSO, which requires accurate pointing-and-acquisition methods. 
Furthermore, estimating the precise location of drones is also crucial for path planning 
and tracking. In this regard, the THz band can achieve better localization accuracy due to 
the higher frequencies [33] (more on that in Section 1.4). For example, if a drone is using 
30 GHz for communications, it requires a sub-centimeter level of localization accuracy. 
Therefore, increasing the frequency further to the THz band will require localization 
accuracy at the millimeter level. Nevertheless, the THz band has a limited transmission 
range that may necessitate a dense deployment of drones, which requires the develop- 
ment of multi-hop communication-and-localization methods. 

In addition to the applications mentioned above, Figure 1.1 demonstrates the import- 
ance of specular reflections and reconfigurable intelligent surfaces (RISs) [34,35] at the 
THz band. Both configurations are crucial to extending the achievable distances of THz 
communications and supporting NLoS communications. RISs can enhance the power of 
received THz signals and reflect them into specific directions by injecting arbitrary phase 
shifts [36,37]. An electrically large RIS enables these functionalities with small footprints 
at THz frequencies [38]. RIS systems are particularly important at the THz band due 
to THz-specific favorable material properties [39] and communication system consider- 
ations [40]. Furthermore, regular (active) large intelligent surfaces [41] can also provide 
distributed access points that can act as THz signal repeaters. 


1.2.2 Challenges and Solutions 


The signal processing and networking considerations, being closely linked to the trans- 
ceiver architectures, are very different in the THz realm than at lower frequencies. This 
necessitates enabling unique link and medium access (MAC) protocols [42,43] that cannot 
be considered for networks at lower or higher frequencies. From a signal processing per- 
spective, several classical problems have to be readdressed in the context of THz [44,45]. 
For instance, beamforming and beamsteering [46,47], channel estimation [48], precoding 
and combining [49], data detection [50], and coding schemes [51] all have to be revisited, 
taking into consideration the peculiarities of THz propagation environments as well as the 
limitations in the baseband for terabit/second systems [52]. Blockage effects also need to 
be modeled. Compressive sensing techniques can be employed, given the high sparsity in 
THz channels [53]. 

All these considerations are highly dependent on having realistic THz channel models 
[54], which are still lacking, except for recently reported measurements, such as those in 
Ref. [22] (140 GHz). Nevertheless, a THz-band channel is expected to be dominated by 
a line-of-sight (LoS) path in addition to a few non-line-of-sight (NLoS) paths due to large 
reflection losses [44]. Moreover, molecular absorption losses cause band splitting, which in 
turn results in the shrinking of the spectrum at the THz band. The absorption-free spectral 
windows are distance-dependent since molecular absorptions are more profound at larger 
communication distances. To combat spectrum shrinkage, distance-adaptive solutions 
[55,56], which optimized resource allocation and antenna array designs, are required. 
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Note that novel multicarrier (or single-carrier [57]) waveform designs are also needed as 
an alternative to the complex orthogonal frequency-division multiplexing (OFDM). 

In another regard, generating continuous modulations at the THz band is challenging. 
For example, only a few milli-watts short pulses can be generated at room temperature 
with graphene. In order to combat transceiver limitations, pulse-based on-off keying 
modulations (femtosecond pulses) [58] can be used. However, because the pulse-based 
systems’ frequency response comprises a wide range of THz frequencies, it is impossible to 
avoid absorption spectra. Re-transmissions resulting from molecular absorption generate 
an additional colored noise factor [9,59]. Note, however, that this colored noise model 
has not yet been verified in measurements. Therefore, accurate noise modeling is still a 
remaining challenge. 

Even though THz communications possess quasi-optical traits, they retain some micro- 
wave propagation properties, where THz signals can still make use of antenna array pro- 
cessing techniques and reflections. In fact, power limitations and severe propagation losses 
result in limited communication distances. To overcome this limitation, ultra-massive 
multiple input multiple output (UM-MIMO) antenna arrangements [45,60] are crucial. 
Very dense UM-MIMO aarray-of-subarrays (AoSA) configurations can accommodate 
the needed array gains to combat communication distance limitations. At THz frequen- 
cies, many antenna elements (AEs) can be set in a footprint of a few square millimeters. 
Furthermore, subarrays (SAs) facilitate hybrid beamforming techniques, reducing power 
consumption and hardware costs, and providing adaptability to exchange beamforming 
with multiplexing gains for enhanced spectral efficiency. Configurable AoSA designs can 
further support multicarrier paradigms and varieties of spatial/index modulation schemes 
[44]. Such adaptive transmission schemes can be efficiently complemented with blind par- 
ameter estimation techniques at the receiver side [61,62]. 


1.2.3 A Model of the THz Communications System 


A standard system model for THz communications is depicted in Figure 1.2, in which mul- 
tiple transmitting adaptive AoSAs serve multiple devices. Each SA’s operation can be tuned 
to a particular frequency and can be attributed to a distinct modulation mode. Moreover, 


Beam- 
forming 
Beam- 
forming 
Beam- 
forming 


Figure 1.2 THz communication baseband and front-end system model. 
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following digital-to-analog conversion (DAC), the SAs are supplied by dedicated RF 
chains. The “pencil” beams caused by the high directivity of THz signals result in each SA 
being disconnected from its adjacent SAs, where the purpose of baseband precoding gets 
diminished to merely determining the utilization of SAs (turning them on and off). 
Considering that AEs can be contiguously installed over a 3D structure, SAs can be virtu- 
ally allocated and interleaved frequency allocations for AEs can be supported. For a 
required communication distance, the necessary number of AEs per SA is assigned. The 
diversity/multiplexing gain is then dictated by the number of potential SA allocations, 
which is limited by the number of RF chains and array dimensions. 

We hereby adopt a three-dimensional AoSA UM-MIMO system model [44], [63]. The 
effective channels are point-to-point channels, consisting of AoSAs [64] at both the trans- 
mitter and receiver, having M, x N, and M, x N, SAs, respectively. Each SA is considered 
to be formed of Ox O nano-AEs. The overall configuration is a large MIMO system [50]. 
Denote by bold upper case, bold lower case, and lower case letters matrices, vectors, and 
scalars, respectively. The end-to-end system model at the baseband for a specific frequency 
is expressed as 


y = WHHWHx+ Win 


where x = [xx Xn] TE Xy, x 1 is the modulated symbol vector that holds informa- 
tion, y € CN:*t is the received symbol vector, H = [pb “ban, ] e CM:N:xMN: is the channel 
matrix, W, e RMN: and W, e RMN:*N; are the baseband precoder and combiner 
matrices, and n e CW:N:*! is the additive white Gaussian noise (AWGN) vector with a 
power of 02. Note that (-)' and (-)" denote transpose and conjugate transpose, respectively. 

An element of H, Pa, mn» the frequency response between the (m,,7,) and (m,,7,) SAs, 
is thus defined as 


„ANETA = ai (9, 8,)G, Omn, mn, G, a. (Q, 6.) 


form, = L-::, Mon, =1,---,N,,m, =1,---,M,, andn, = 1,---, N, where ais the path gain,a, 
and a, are the transmit and receive steering vectors per SA, @,, 8, and @,,0, are the transmit 
and receive angles of departure and arrival (@’s are the azimuth angles and 6’s are the ele- 
vation angles), and G, G, are the transmit and receive antenna gains, respectively. 


The LoS path gain at a specific frequency is defined as 


LoS 


Onn, mn = Anfd e 


M,N, , My 


d „2 
c F(A ian p Fada 


where f denotes the operating frequency, c denotes the speed of light, K(f) = ÈK (f) 
is the absorption coefficient that is accumulated over all G gazes that constitute the 
medium, and dpn, mn, is the distance between the transmitting and receiving SAs. All these 
parameters can be obtained from the high-resolution transmission molecular absorption 
database (HITRAN) [65]. 
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1.3 THz Sensing and Imaging 


THz technology has long been utilized for wireless sensing and imaging [10-14] in many 
applications, such as quality control and security. Numerous propagation properties allow 
THz signals to be suitable for gas and material sensing. For instance, several chemical and 
biological elements present unique spectral fingerprints at the THz band. In particular, 
THz signals can penetrate various dielectric, amorphous, and non-conducting materials 
(wood, plastic, glass). Furthermore, metals fully reflect THz signals, facilitating inspecting 
the presence of metallic components. Similarly, THz radiation can be utilized to observe 
water dynamics and detect gaseous compositions [23]. 

Time-domain spectroscopy (THz-TDS) [66] is the most popular procedure for THz 
sensing. THz-TDS starts by probing a specimen with broadband THz signals using short 
pulses. The pulses’ temporal profiles are then recorded, with and without the specimen, to 
determine the sample material’s optical properties. The spectral behavior of these profiles 
yields amplitude and phase information that allows direct estimation of the frequency- 
specific index of refraction, absorption coefficient, and sample thickness. THz-TDS can 
also be used for imaging, which can be accomplished by extracting the required spec- 
tral information to discover the material’s type and shape. Because of limited scattering, 
THz-TDS imaging produces images of high contrast. Furthermore, THz imaging is more 
powerful than infrared-based imaging because of the more limited effect of ambient light 
and weather on THz channel conditions. The much broader THz channel bandwidths also 
encourage applications that require generating images of large fields of view. Moreover, 
high-gain directional THz antennas support very fine spatial resolution (sub-millimeter 
spatial differentiation [22]) for highly directional sensing and imaging. 

Two types of spectroscopic measurements are distinguished: transmission-based and 
reflection-based. Transmission spectroscopy investigates the quantity of light absorbed by 
a specimen material, and reflection spectroscopy analyzes the scattered and reflected light. 
THz sensing and imaging are principally carried in transmission mode because absorbance 
THz spectroscopy has a more convenient setup, and it provides greater signal contrast. 
Nonetheless, various attributes encourage using reflection mode. For example, reflection 
spectroscopy permits identifying objects on non-transparent substrates. Furthermore, 
reflection geometry is the solution of choice in open-field applications. In the particular 
case of joint THz communication and sensing, the handheld user equipment can enable 
imaging and sensing in the reflection mode without demanding infrastructure support. 

Following recent progress in THz technology, carrier-based sensing and imaging 
operations are no longer far-fetched. Carrier-based systems allow higher adaptability and 
fine-tuning capacities across the THz frequency range. In fact, carrier-based sensing is 
a particular form of frequency-domain spectroscopy [67]. We demonstrate a proof-of- 
concept simulation of wireless THz gas sensing (also known as electronic smelling [5]). 
Carrier-based THz gas sensing can be achieved using a source that transmits multiple 
specific single-carrier high-frequency signals into a medium and a receiver that estimates 
the corresponding channel response to detect distinct absorption spikes (rotational spec- 
troscopy). The calculated channel responses are compared to a database of molecular 
absorption spectra of reference gases (HITRAN), and a conclusion is constructed on the 
components of the studied medium. 
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To demonstrate that a sensing system can be piggybacked over a communication system 
in a seamless manner, we examine a MIMO setup as described in Section 1.2. In Ref. [44], 
it is demonstrated that the maximum spatial degrees of freedom can be guaranteed in a 
LoS THz environment by tuning the SA spacings such that spatially uncorrelated channel 
matrices are generated. Hence, we assume the channel to be orthogonal by design. We 
further consider each SA to operate at a specific frequency in a perfectly symmetric setup 
that matches the transmitting and receiving arrays. Therefore, the MIMO channel can 
be reduced into multiple single-input single-output (SISO) streams (a diagonal channel), 
where each stream corresponds to the channel response between a specific transmitting SA 
operating at a specific frequency and its matching SA at the receiver. 

In the context of pure sensing applications, x can be designed to have a specific struc- 
ture. But, in the context of joint communications and sensing, the elements of x are 
expected to be drawn from a specific constellation of a specific modulation type. Such 
prior knowledge of the distribution of x can be used to further improve the sensing per- 
formance. By detecting x, we can detect the gases comprising a medium and estimate their 
corresponding concentrations in this medium, where a value of 0 for a specific absorption 
coefficient would indicate the absence of the corresponding gas. Several methods can 
be used to solve for x, such as optimal and exhaustive maximum likelihood detectors 
and varieties of compressive sensing and machine learning techniques. For example, we 
could first detect the presence of specific spikes and then build decision trees for classifi- 
cation [67]. 

In the particular cases of measuring the percentage of water vapor and oxygen, 
Figures 1.3 and 1.4 illustrate the error rate performance versus signal-to-noise ratio (SNR). 
The measurements are conducted over a distance of 5 m, assuming a 396 K temperature 
and a pressure of 0.1 atm. The carrier frequencies are either selected uniformly between 1 
and 2 THz, or set to coincide with resonant frequencies corresponding to the target mol- 
ecule. We perform an exhaustive, yet not optimal, heuristic search to identify the 
concentrations with a resolution of 0.01. Performance enhancement is seen when 
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Figure 1.3 Classification error rates of THz carrier-based sensing of water vapor concentration as a 
function of the number of carriers and SNR. 
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Figure 1.4 Classification error rates of THz carrier-based sensing of oxygen concentration as a function of 
the number of carriers and SNR. 


expanding the set of carriers from 10 to 100. Yet, SNRs higher than 100 dB (assuming 0 
dB antenna gains) are still needed to overcome the losses over a 5 m range. This gap can 
be lessened by adding antenna gains and beamforming gains. Furthermore, it is noted that 
a random choice of frequencies is favored when detecting water vapor, whereas testing 
resonant frequencies is a better option in the case of oxygen. This might be caused by the 
fact that absorption spikes are orders of magnitude higher for water vapor. Lastly, we note 
that the spikes’ linewidths appear pressure-broadened to a few GHz at standard pressure, 
posing a serious challenge for sensing. However, at low pressures, such absorption lines 
confine to widths of single-megahertz. 


1.4 THz Localization 


Over the past few years, the demand for services that depend on precise localization of 
objects and people has increased. This growing demand has led to the evolution of various 
localization systems. This section briefly introduces the main ranging techniques based 
on time of arrival (ToA), time difference of arrival (TDoA), angle of arrival (AoA), and 
received signal strength (RSS). Further, it introduces the localization methods for THz 
systems. 


1.4.1 Time of Arrival Ranging 


ToA is a well-known ranging method that uses the time of flight of the signal. The ToA- 
based systems estimate the distance from the travel time of the propagating signal. For 
instance, the beacon nodes broadcast the ranging signal that arrives at the receiving node. 
Since the electromagnetic (EM)/optical signals travel with the speed of light, the distance 
is estimated from the signal’s propagation speed and time of flight. The receiving node 
collects the ranging signals from multiple beacon nodes and then uses multi-lateration 
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to estimate its location. The noisy ToA measurement between the /-th beacon and i-th 
receiving node is written as 


2 


Toa = di + Moa = lee —m) -(¥i- yi) + Troa> 


where {x;, y;} is the unknown location of the i-th receiving node, {x;,y;} is the location of 
the /-th anchor node, and musa represents the ranging error. Considering that there are 
L beacon nodes, the location of i-th node is estimated by minimizing the following cost 
function 


2 


fron (21) = Zau = a = a) -0i =)" 5 (1.1) 


where {x;,y;} represents the smallest value for froa (p; ), resulting in the estimated location 
of the i-th receiving node, i.e., 


f; = arg min froa (pi ), 
pi 


where f; = {xi,y,}. Solving (1.1) is not an easy task since there exist local minima. Both 
global and local optimization techniques can be used to solve this optimization function. 
A major problem with the ToA method is that it suffers from multipath, leading to different 
signal propagation times. Hence, most of the time, it is assumed that the LoS is available 
and pre-dominant [68]. The range of error in multipath channels can be much greater than 
that caused by noise. The error can be produced by an early arriving path, which spoils 
the exact arrival time of the LoS path. Another possible situation is that the LoS is highly 
attenuated, leading to an error of presuming another component as LoS. The accuracy of 
the ToA-based scheme is strongly dependent on the receiver to determine the propagation 
time of the LoS signal [69]. 


1.4.2 Time Difference of Arrival (TDoA) Ranging 


Unlike ToA, the TDoA-based systems estimate the distance by collecting two distinct 
signals from the same beacon or alike signals from separate beacons. The Cricket system 
[70] is among the famous indoor positioning system based on TDoA ranging that uses 
both RF and ultrasound signals. In TDoA systems, the time difference between two dis- 
tinct signals is calculated at the receiving node, resulting in a hyperbola. The point of inter- 
section of these hyperbola yields the position of the receiving node. One major advantage 
of TDoA systems is that they do not need synchronization among the beacon and the 
receiving node. Mathematically, the TDoA measurement at the i-th node for L beacons 
can be written as 


tron = Gi + Thooa = V(x; = x) -(¥;- yi) + THDoAs 
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2 2 2 2 ‘ 
where 1=1,2,3,.0Ly dy = Veti — ir.) — (0, — Ya) — oa — a) —O%— 1). and Moon is 
the ranging error. Similarly to the ToA error function, the cost function for the TDoA loca- 
tion estimation is given as 


frooa (pi = Dial Peay [e x, y (y; yı a i > (1.2) 


This cost function can also be solved using various global and local optimization methods. 
In (1.2), {x}, y} corresponds to the smallest value of frpoa (p; ). Minimization of (1.2) yields 
the estimated location of the i-th receiving node, i.e., 


P; = arg min frpoa (pi). 
Pi 


1.4.3 Received Signal Strength (RSS) Ranging 


RSS measurements are ubiquitous in wireless communication systems. The localization 
systems based on RSS are less accurate compared to the time-based systems; however, they 
do not require any modification to the available infrastructure. Mainly, RSS measurements 
are readily obtainable in most of the wireless communication systems without any sup- 
plementary hardware. Indeed, the RSS values are necessary for defining various wireless 
standards for basic radio propagation, such as link quality estimation, channel assessment, 
and radio resource management. In RSS-based positioning systems, the receiving node 
localizes itself by collecting signals from multiple beacons. However, unlike in the ToA 
systems, the receiving node measures the strength of the arriving signal [71]. The received 
signal’s strength indicates the distance between the beacon and the receiving node that 
can be estimated from the free-space path loss model. The path loss (in dB’s) between /-th 
beacon node and i-th receiving node is given as 


PL = PL, —10a@logiy (e + Wit, (1.3) 


0 


where PL, is the power loss at reference distance dy and a represents the path loss exponent. 
pi = (x,y) and p, = {x,y} represent the location of i-th ordinary node and /-th beacon 
node, respectively. The term w, ~ N (0, o) denotes zero-mean log-normal shadowing 
effect with variance o;,. Based on the path loss expression in (1.3), maximum likelihood 
estimation can be used to find the location of i-th node, i.e., 


a : 1 i< 
p; = arg min" 5 fer, PLs) 100log.9 (e!) (1.4) 
pi Oii 0 


This cost function can be solved using various recursive optimization techniques such as 
Newton’s method or gradient descent method. However, these methods can result in a 
locally optimal solution. Hence, convex relaxation methods can be used to solve the cost 
function in (1.4) for a global optimal solution [72]. 
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1.4.4 Angle of Arrival (AoA) Ranging 


AoA ranging is computed from the direction of the received signal. The AoA-based 
methods are more straightforward than the time-based mechanisms because only two 
AoA estimations are needed to locate the receiving node in a two-dimensional space. 
Despite that, acquiring accurate AoA estimation is a complicated task, especially with 
NLOoS situations. Moreover, in the case of indoor environments where the LoS signal is 
difficult to acquire, AoA estimations are significantly erroneous. In comparison to the 
other ranging techniques, AoA calculation requires an array of antennas. Further, each 
of the antenna elements has to be equipped with an RF component, which is one of the 
expensive parts of a radio system. Besides, the RF components consume reasonably high 
power; thus, it is anticipated that the AoA estimation methods require more energy and 
are more complicated compared to their counterparts. Like ToA and RSS ranging, in AoA, 
the beacon position is known in prior. However, unlike ToA and RSS, in AoA, only two 
beacon nodes are required for the receiving node to locate itself. To find the AoA, the main 
lobe of the antenna array is directed toward the receiving node. 


1.4.5 Localization Using THz signals 


5G-and-beyond wireless communication networks are expected to enable accurate 
location-based services. Unlike the existing GPS and cellular positioning systems, 5G-and- 
beyond networks should support centimeter-level accuracy using higher frequency bands, 
including mmWaves and THz frequencies [22]. Localization systems operating in these 
frequency bands mainly use network visualization tools such as simultaneous localization 
and mapping (SLAM). In SLAM-based methods, the localization accuracy improves with 
an increase in the resolution of the collected images. Since high-frequency bands can cap- 
ture good quality images of the environment, they can provide better localization accuracy. 
There are three main steps involved in SLAM-based methods: (i) taking images of the 
surrounding environment, (ii) estimating the ranges to the user, and (iii) fusing the ranging 


Target sensor 
node 


Sink node 2 


Figure 1.5 AoA estimation by using a uniform linear array of antennas at the sink node. 
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information with the images. For instance, using the frequency band between 200 and 300 
GHz for collecting the 3D images of the environment and fusing them with the ToA and 
AoA can result in a sub-centimeter level of accuracy. Using only ToA or AoA does not 
achieve higher accuracy, especially in indoor environments. Therefore, it is crucial to fuse 
ranges from multiple high-frequency bands to achieve the sub-centimeter level of 
accuracy [73]. 

Besides the use of SLAM-based methods, few other localization techniques exist in the 
literature for THz communications. For example, the location of a transceiver operating at 
the THz band can be estimated using the well-known weighted linear least square (WLLS) 
estimator [74]. In this method, first, the anchors (tags with dielectric resonators) transmit 
the beacon signal. Then, the receiver calculates the round-trip time-of-flight (RToF) from 
various anchors. The time-based ranging methods require synchronization among the 
anchors and the receivers; however, RToF can avoid this challenging issue. Finally, the 
receiver applies the WLLS estimator to the RToF measurements for estimating its location. 
This approach achieves a millimeter-level of accuracy. 

The sensing and detection capabilities of nano-senor networks (NSNs) makes them an 
interesting area of research, especially for body-centric networks [75]. The nano-devices 
are supposed to communicate using the THz band, where these devices’ location estima- 
tion is of paramount importance. For instance, the nano-devices in an NSN operating 
at THz frequencies can be localized using AoA ranging along with the multiple-signal- 
classification (MUSIC) technique [76]. In an NSN, the sink node consists of a uniform and 
linear array with a number of antennas, which finds the angle of incoming THz signals 
(see Figure 1.5). The target sensor node (nano-device) employs the MUSIC technique for 
estimating the AoA, resulting in a sub-degree accuracy for a distance of 6 m [76]. 

The above studies focus mainly on ranging for THz networks while ignoring the final 
localization process. Accordingly, the development of accurate and robust localization 
methods for THz networks remains an open research problem at the moment. Therefore, 
we propose a well-known dimensionality-reduction approach, multidimensional scaling 
(MDS), for localization in THz networks. The MDS method visualizes higher-dimensional 
data into a lower-dimensional space using the correlation among the data’s different 
variables [77]. MDS has many applications, including psychology, data analysis, sports, 
ecology, environmental monitoring, and localization. In the context of localization, the 
MDS method takes the estimated ranges among the nodes as an input, where the ranges 
are estimated from the time, angle, or RSS-based techniques [78]. In reality, the ranges 
are corrupted by distance-dependent additive Gaussian noise, leading to noisy pairwise 
distances. Based on these noisy distances, the MDS method finds the location of the nodes 
in the network. In the following, we present the major steps required for MDS-based local- 
ization in THz networks: 


1. First, we need to compute the shortest path pairwise distances for all the nodes in the 
network. Note that the single-hop distances can be calculated by using any available 
ranging method. 

2. The MDS method is then applied to the complete pairwise distance matrix, where a 
two- or three-dimensional map of the network can be created from the most significant 
eigenvectors and eigenvalues. In the case of two-dimensional (or three-dimensional) 
maps, the first two (or three) largest eigenvectors and eigenvalues are chosen. 
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3. Finally, with the help of available beacon nodes, the relative map created in the second 
step can be converted into actual geographical locations using linear transformation 
methods. 


To elaborate more, consider that there are 20 sensor nodes (circles) randomly distributed 
in an area of 15x15 m?, anda single anchor node (squares) placed at each corner. Figure 1.6 
displays the actual locations of the anchor and sensor nodes. We also consider that the 
ranging error variance is 8 cm. 

Based on the available noisy range measurements, the MDS creates a network map, 
mainly showing all the nodes’ proximity information, as shown in Figure 1.7. Note that 
the output map from the MDS only indicates the proximity information without any 
actual coordinates. To estimate the sensor nodes’ actual coordinates, the map in Figure 1.7 
needs a linear transformation. This can be achieved with anchors and linear transform- 
ation methods, such as Helmert’s transform or Procrustes analysis. Figure 1.8 shows the 
final estimated location of all sensor nodes, where accuracy of 2.4 cm is achieved. 


1.5 Implementation Aspects 


As research on THz devices advances, it is becoming clearer that signal processing, 
networking, and communications considerations are very different in the THz realm [79]. 
In fact, optimizing signal processing algorithms and networking protocols requires an 
understanding of the devices, and optimizing devices requires knowledge of what these 
algorithms and protocols are trying to accomplish. Nevertheless, joint hardware optimiza- 
tion and algorithm design for joint THz communications, sensing, imaging, and localiza- 
tion will soon be a hot research topic [80]. 
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Figure 1.6 Actual setup with sensor nodes and anchors placed in 15 x 15 m? area. 
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Figure 1.7 Relative MDS map with sensor nodes and anchors centered around the origin. 
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Figure 1.8 Final map with actual and estimated location of sensor nodes. 


As THz sensing and localization applications are expected to coexist, it is natural to 
strive to have them piggybacked onto THz communications. Toward this end, resources 
can be shared in time, frequency, and space. For example, gas sensing or reflection-mode 
imaging can be executed by identifying changes in the channel responses over specific 
information-bearing carrier signals, irrespective of the exact data that is modulated over 
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these carriers. Furthermore, sharing resources is feasible in pulse-based systems, where 
pulses can be utilized to conduct pulse-based communications, TDS-based sensing/ 
imaging, and localization. However, the efficiency of pulse-based systems is questionable 
due to the limited power of bulky THz-TDS spectrometers. 

In addition to full resource sharing, dedicated resource allocation schemes remain 
important in multiple scenarios. For example, carrier-based sensing might require tuning 
carriers over absorption spectra; such spectra are dominated by absorption lines and hence 
cannot be used to transmit information. In general, sensing applications perform much 
better at frequencies higher than 1 THz, where communication remains very challenging. 
In a dedicated resource allocation setup, each RF chain in Figure 1.2 can be assigned to a 
specific application, perhaps on dedicated time slots as well. 

Finally, it is worth noting that THz band applications raise a few health and privacy 
concerns. Since THz radiation is not ionizing, it can be assumed that only heating could 
potentially cause health problems. However, as THz sources become more available, and 
with the expected network densification and anticipated high antenna gains, it is crucial 
to carry studies to understand further THz radiation’s biological and molecular impact on 
health [22]. A privacy concern also arises from bringing THz signals to handheld devices 
and enabling them to cover large distances. For instance, a malicious device can conduct 
remote sensing and see-through imaging (that sees through clothing but not the body). For 
smartphone use, limited-range (10 cm) low-power pulse-based TDS should be sufficient to 
carry near-field imaging to capture gestures and other useful applications. 


1.6 Conclusion 


This chapter demonstrates that THz technology can induce important improvements in 
sensing, imaging, and localization besides communications. We claim that this merging of 
THz applications will shape wireless communication research activities in the future. We 
analyze the distinctiveness of each of these THz band applications and provide proof-of- 
concept simulations. With proper configurations, we attest that various THz applications 
can be seamlessly accomplished in real time. We recommend that serious health and 
privacy concerns be addressed in future research before THz technology matures further. 
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Acronyms and Symbols 


5G Fifth generation MOVPE Metal organic vapour phase epitaxy 

ASK Amplitude shift keying MIMO Multiple-input multiple-output 

AlAs Aluminium arsenide mW Milli-Watt 

AlGaAs Aluminium gallium arsenide NDC Negative differential conductance 

AlSb Aluminium antimonide NDR Negative differential resistance 

AIN Aluminium nitride NLOS Non-line of sight 

BER Bit error rate OOK On-off keying 

CMOS Complementary PAM Pulse amplitude modulation 
metal-oxide-semiconductor 

CPS Coplanar stripline PVCR Peak-to-valley current ratio 

CPW Coplanar waveguide QAM Quadrature amplitude modulation 

CW Continuous wave QPSK Quadrature phase shift keying 

DBQW Double barrier quantum well QCL Quantum cascade laser 

FEC Forward error correction QW Quantum well 

froax Maximum frequency of PRBS Pseudo-random binary sequence 
oscillation 

GaAs Gallium arsenide RF Radio frequency 

GalnAs Gallium indium arsenide RTD Resonant tunnelling diode 

GaN Gallium nitride Rx Receiver 

Gb/s Gigabits per second SBD Schottky barrier diode 

GHz Gigahertz Si Silicon 

HBT Heterojunction bipolar transistor Tb/s Terabits per second 

HEMT High electron mobility transistor THz Terahertz 

InAs Indium arsenide TRx Transceiver 

InGaAs Indium gallium arsenide Tx Transmitter 

InP Indium phosphide TMIC Terahertz monolithic integrated 

circuit 

I, Peak current UTC-PD Uni-travelling carrier photodiode 

I; Valley current VCO Voltage controlled oscillator 

IoT Internet of things V, Peak voltage 

I-V Current-voltage Vh: Valley voltage 

Jy Peak current density AI Peak-to-valley current difference 

LOS Line of sight AJ Peak-to-valley current density 

difference 
LNA Low-noise amplifier AV Peak to valley voltage difference 
MBE Molecular beam epitaxy uW Micro-Watt 


MIM Metal-insulator-metal 
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2.1 Introduction 
2.1.1 Need for High-Speed Wireless Connectivity 


For the last two decades, we have witnessed an extraordinarily fast evolution of mobile 
cellular networks from first generation (1G) to fourth generation (4G) with the fifth 
generation (5G) wireless communication networks now being deployed [1]. Figure 2.1 
shows the data-rate demand versus time trend for wireline, nomadic and wireless com- 
munication technologies between 1970 and 2020 [2]. It shows that wireless networks 
data transfer capability has been continuously improved at a speed much greater than 
wirelines over the last four decades. Indeed, the tremendous increase of mobile data traffic 
and widespread diffusion of wireless networks generate an unceasing demand for ultra- 
broadband multi-gigabit wireless communication technology, capable of extremely large 
channel bandwidths and ultra-high data rates required by modern multimedia services [3], 
including the Internet of Things (IoT) [4,5]. This is in line with Edholm’s law, which states 
that the demand for bandwidth performance in wireless short-range communications has 
doubled every 18 months since 1980 [6], and so data rates of tens of gigabits per second 
(Gb/s) have to be accommodated starting from 2020 onwards [7] while hundreds of Gb/s 
and even terabits per second (Tb/s) wireless communication links are expected within the 
next ten years [2]. 

Therefore, it becomes clear that 5G technology will bring us into an era of ubiquitous 
high-capacity radio links with ever-lower levels of latency and extensive Gb/s capacity. For 
the path beyond 5G or upcoming sixth generation (6G) mobile communication systems 
[8, 9], the mobile network is envisioned as becoming more advanced since it can self-adapt 
based on users’ experience thanks to intelligent learning mechanisms, allowing flexible 
and fast spectrum reallocation with resulting large bitrates available to users (over 100 
Gb/s single links speeds [10]), ultralow latency (not exceeding 1 millisecond (ms)) and 
ultra-reliability (package error rate of 10~ or less). In addition, 3D/holographic type com- 
munication will lead to an improvement of the tele-interaction quality. By supplying 
mobile edge computing and edge caching capabilities, together with Artificial Intelligence 
(AI), to the proximity of end users, the beyond 5G network will allow for powerful 
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Figure 2.1 Data-rate demand versus time trend for wireline, nomadic and wireless communication tech- 
nologies between 1970 and 2020, pointing out the faster exponential increase associated with 
wireless systems compared to wireline technologies (reprinted from [2] with permission). 
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computational processing and massive data acquisition locally at edge networks to support 
emerging applications such as self-driving cars, remote surgery, intelligent transport 
systems, Industry 4.0, smart energy, e-health, and augmented reality and virtual reality 
(AR/VR) services. In addition, new realities such as the COVID-19 pandemic has brought 
the need for more bandwidth and network flexibility into sharp focus. The use of online 
meetings will be extended to all kinds of human interactions, from medical visits and 
client interactions to real-time remote/tele-control applications, which will drastically 
increase the need for more capacity or bandwidth. 


2.1.2 Increasing the Speed of Wireless Transmission 


Future wireless communication technologies will have to feature ultra-high bandwidths 
in excess of tens of Gb/s and beyond [2,11,12]. In order to respond to this demand, there 
has been a significant amount of research and development (R&D) effort in the digital 
signal processing (DSP), complex modulation scheme and multiple-input multiple-output 
(MIMO) technology fields at the microwave frequency spectrum region, mainly in the 
1-6 GHz range and reaching up to the 60 GHz band. The aim has been to improve the 
data capacity of radio links through advanced transmission methods, such as orthogonal 
frequency-division multiplexing (OFDM) [13] and very large-scale MIMO [14,15]. 

Despite numerous efforts, the current technology operating in the lower microwave 
range (<6 GHz) is inherently limited by the narrow bandwidth, which typically gives bit 
rates ranging from several hundreds of megabits per second (Mb/s) up to at most few Gb/ 
s in both long- and short-range scenarios [17]. Therefore, it is becoming increasingly diffi- 
cult to accommodate, year after year, the performance requirements empirically predicted 
by Edholm’s law, where spectral efficiencies of up to at least 14 bit/s/Hz would be required 
to attain bit rates of the order of 100 Gb/s [2]. This can be considered extremely challen- 
ging and practically unrealistic since it would inevitably involve extremely complex trans- 
mission approaches [18]. 

Currently, the largest globally available frequency band allocated for mobile tele- 
communication services is set in V-band (40-75 GHz) [19], around 60 GHz (57- 
64 GHz) and with up to 7 GHz of continuous bandwidth [2,11,20,21]. In order to 
meet the requirements imposed by the upcoming 5G technology, the United States has 
already started to extend the bandwidth up to 14 GHz (57-71 GHz) by including the 
unlicensed portion 56-71 GHz [22,23]. This adds to the total bandwidth belonging to 
the licensed standard low-frequency bands (<6 GHz) [24] and high-frequency K-band 
(18-27 GHz) [19] and Ka-band (27-40 GHz) [19] portions [24] (such as 24.25-27.5 
GHz in Europe [24] and 27.5-28.35 GHz, 37-38.6 GHz and 38.6-40 GHz in the 
United States [22]). 

However, in order to significantly increase transmission data rates and to enable future- 
proof scenarios and applications as foreseen in 6G, an increase in the bandwidth by several 
tens of GHz is required. Based on the current spectrum allocation, it is clear that wireless 
communications will have to operate in frequency bands where more spectral resources 
are available. Therefore, the exploitation of higher frequency spectrum regions, specifically 
the terahertz (THz) band, to alleviate the spectrum scarcity and bandwidth limitations of 
current microwave systems is inevitable [25,26] and it represents an attractive candidate 
for ultra-high-speed wireless communication applications [27]. 
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Figure 2.2 Data rate versus carrier frequency trend (reprinted from [29] with permission). THz carriers 
allow for data rates beyond 10 Gb/s. 


Moving up in frequency to the THz band becomes crucial, since higher carrier frequen- 
cies allow, in principle, wider modulation bandwidths and higher data rates according to 
Shannon-Hartley theorem [28]. This concept can be clearly seen in Figure 2.2, which shows 
the relationship between data rate and carrier frequency [29], revealing that THz carriers 
allow for data rates beyond 10 Gb/s. Although candidate bands are several, particularly 
interesting is the still unallocated yet unregulated THz gap, which is attracting great interest 
due to recent technological advances [12,30,31]. Actually, different frequency windows in 
this range have already been employed for several decades in radio astronomy, since they 
are in correspondence with specific vibrational and rotational resonant modes of molecules 
under study [27]. Therefore, a careful approach will have to be adopted to avoid any kind 
of possible conflict and interference between mobile telecommunication and radio 
astronomy systems [32]. Another advantage in choosing THz carrier waves is the sub- 
millimetre dimension of the antennas, which become cheaper and more integrable [33,34], 
even though integrated antenna solutions suffer from low gain (< 6 dBi). 

Further, high-bandwidth systems have a tendency to decrease the end-to-end latency 
due to high rate data packet transfer, a reason why high frequencies are seen as opportun- 
istic bands for haptic applications requiring seemingly ‘zero-perceptible’ latency. However, 
due to the lack of devices capable of generating and detecting THz waves, its usage in the 
scope of wireless communication links has been limited, but this situation is changing fast. 
This chapter describes the key developments in solid-state THz electronics in this regard 
with special focus on resonant tunnelling diode (RTD) technology. 

Typical ultrafast THz communications applications rely on both long-range and short- 
range line-of-sight (LOS) and non-line-of-sight (NLOS) operation [2,35]. Figure 2.3 shows 
some potential applications including wireless backhaul/fronthaul [36], wireless local area 
networks (WLAN) and wireless personal area networks (WPAN) [37], kiosk downloading 
[23,38] and nano-networks [39]. THz technology is also appealing in the context of other 
potential scenarios such as wireless data centres [40,41], intra-chip connectivity [42,43] 
and even space communications [32]. Thus, one can distinguish three categories of appli- 
cation scenarios: (i) short range (a few centimetres) like in a case of intra-device 
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Small cells THz backhaul 


Figure 2.3 Potential Applications of millimetre-wave (mm-wave) and terahertz communications including 
wireless backhaul/fronthaul, wireless local area networks (WLAN) and wireless personal area 
networks (WPAN), kiosk downloading and nano-networks. 


communication on the electronic boards or kiosk downloading, (ii) medium (a few metres) 
like in the data centres or computers in the same office space and (iii) long-range like links 
(distance up to 100 m). It is worth noting that these long-range links can reach kilometres 
or more in the case of wireless communication in space (no attenuation). It is evident that 
these communication scenarios impose very different requirements on the sources, 
antennas, optics and detectors from the point of view of power consumption, dimensions, 
weight, potential market volume and price. 


2.1.3 Challenges to Realising THz Communications 


Despite the clear advantages, THz wireless communications is still quite challenging to 
realise from a technological standpoint [12,30]. There are huge signal losses caused by 
the strong absorption by oxygen (0,), water (H,O) and other gas molecules in the atmos- 
phere, where the relative humidity can reach 100% in outdoor rainy conditions [11]. 
Therefore, both the signal-to-noise ratio (SNR) and the link data capacity are strongly 
deteriorated by the ambient humidity. The THz range is therefore mostly promising, in 
the short-term, for short-range indoor applications, where the link distance is relatively 
short (metre range) and the environmental relative humidity is a less stringent constrain 
(typically ~50%) [11]. 

Figure 2.4 shows the atmospheric specific attenuation versus frequency in (standard) 
indoor conditions up to 1 THz for dry (relative humidity ~0%) and moist (relative 
humidity ~50%) conditions [11]. Of particular interest is the transmission window 
around the 300 GHz band (275-330 GHz) [11,44], since it features 55 GHz of con- 
tinuous bandwidth with low attenuation (water absorption gives 0.04 dB/m) [11]. This is 
insignificant compared to free-space losses and also there are no resonant absorption 
peaks, making short-range applications feasible. Therefore, standardisation efforts for 
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Figure 2.4 Atmospheric specific attenuation versus frequency in (standard) indoor (relative humidity 
~50%) and dry (relative humidity ~0%) conditions up to | THz (reprinted from [11] with 
permission). 


this band have recently been started through the IEEE standard 802.15.3d in the defin- 
ition of physical layers for the next generation ultra-high-speed wireless personal area 
networks (WPAN) [45]. 

For THz links, good alignment between the transmitter (Tx) and receiver (Rx) antennas 
is required [46] and care has to be taken in the design and realisation of building structures 
in order to reduce signals attenuation through walls, ceilings, etc. [47]. Long distance 
outdoor applications (kilometre range) are feasible but will rely on future technological 
advances of both sources (output power) and detectors (sensitivity), together with antennas 
(gain, so both directivity and radiation efficiency) due to the higher attenuation at relative 
humidities of up to 100%. 


2.1.4 Link Budget and Antennas 


To get a sense of the basic transceiver requirements, we consider the link budget at 300 
GHz in a transmission bandwidth of 55 GHz for the short-range line of sight (LOS) scen- 
ario, which is of prime interest for the first feasible products. Table 2.1 [11] lists some 
realistic link budget examples. Calculations are based on the Friss formula for free space 
attenuation. Furthermore, the signal-to-noise ratio is assumed to be about 10 dB, while a 
margin for implementation losses of 10 dB is also included. Good alignment between the 
Tx and Rx is assumed and therefore misalignment losses are neglected. 

From Table 2.1 we learn that antenna gain in the range of 20-25 dBi is required. This is 
currently provided either through the use of horn antennas, which require the integration 
of Tx/Rx chips within a rectangular waveguide [48] or by mounting the chips on Si lenses 
[49]. Future systems might follow the traditional approach to achieve this with inclusion 
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Table 2.1 Link budget examples for transmission at 300 GHz [11] 


Minimum Tx antenna Path loss Rx antenna Noise figure SNR + margin 
range Transmit power gain [dBi] [dB] gain [dBi] [dB] [dB] 

10 cm 1.58 mW (2 dBm) 12 62 12 12 18 

Im 2.51 mW (4 dBm) 25 82 17 10 20 

5m 3.98 mW (6 dBm) 25 96 25 8 18 


of beam steering capability by using phased array antennas with a large number (hundreds) 
of antenna elements but that remains to be seen. The implementation of such arrays at 
THz is non-trivial due to small chip dimensions and substrate effects. 

It is also clear from Table 2.1 that Tx power levels of over several milliwatts (mW) are 
required. Compact electronic sources or terahertz monolithic integrated circuits (TMICs) 
meeting this requirement are not readily available. Thus, the major hurdles which still pre- 
vent THz technology to be employed on an industrial basis is represented by the lack of 
compact, low-power, low-cost and room temperature sources and detectors, and lack of 
antenna arrays that can reliably operate in this frequency window [37]. With regards to 
THz sources for wireless communications, coherent and continuous-wave (CW) operation 
are required. Although several solid-state semiconductor-based competitor technologies 
are being developed [50], none of them has made a real technological breakthrough. The 
operation frequency of electronic devices is typically limited by the carrier transit time in 
the active region [51], while photonic devices face the tough requirement of band-to-band 
optical transitions towards long emission wavelengths [52]. 

In order to aid sources and detectors to meet link budget requirements, antenna gain has 
to be enhanced, for instance, through innovative beam-steering solutions [53,54 ] based on 
micro/nano-electro-mechanical systems (MEMS/NEMS) [55,56] or metamaterials [57,58]. 


2.1.5 Enabling Technologies for THz Communications: Electronic and Photonic 


Recent technological innovations regarding THz system components, where 
demonstrations of both electronic and photonic approaches have been shown, indi- 
cate the viability of THz wireless communications. Regarding transmitters, there are 
two main approaches: (1) photonic techniques for THz signal generation and (2) all- 
electronic devices. Approach (1) has proven to be effective to achieve higher data rates 
of >10 Gb/s, since telecom-based high-frequency components such as lasers, modulators 
and photodiodes are available together with low-loss optical fibre cables. Generally, this 
approach consists in photo-mixing two optical wavelengths on a high-speed photodiode 
such as a uni-travelling-carrier photodiode (UTC-PD), to generate a THz carrier wave 
signal, and therefore remains too complex to bring the THz wireless communications 
technology to the consumer marketplace. Regarding approach (2), there are various 
candidates for semiconductor electronic THz emitters or oscillators operating at room 
temperature such as tunnel transit-time (TUNNET) diodes, impact ionisation avalanche 
transit-time (IMPATT) diodes, Gunn diodes, resonant tunnelling diodes (RTDs) and 
transistor-based monolithic microwave integrated circuits (MMICs) or terahertz mono- 
lithic integrated circuits (TMICs), which utilise frequency multiplication. 
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Figure 2.5 RF power versus operation frequency for UTC-PD-based photomixer, transistor-based TMIC 
and RTD-based oscillator sources in the 0.2-2 THz range from the most relevant results 
reported in the literature. 


UTC-PD-based photo-mixing, transistor-based TMICs and RTD-based oscillators 
represent the most promising candidates for practical THz wireless communication tech- 
nology. Figure 2.5 shows the output RF power versus frequency for UTC-PD, transistor 
TMIC and RTD-based oscillator sources in the 0.2-2 THz range. It can be seen that all the 
three technologies can provide above an mW threshold in the 300 GHz band, while both 
UTC-PDs and RTDs have also demonstrated to work above 1 THz with associated output 
power of few microwatts (uW). Therefore, an overview of the UTC-PD and TMIC tech- 
nologies for THz communications is first provided, followed by a detailed description of 
the RTD technology for THz communications including developments to date, the current 
status and future perspectives. 


2.1.6 Photonic-based THz Sources 


Photonic-based sources used for generation on THz signals under 1 THz are generally 
based on the optical heterodyne down-conversion, usually referred as to photo-mixing 
[59,60]. In this technique, two optically selected laser emission lines interact with a 
photoconductive device (such as a UTC-PD), which optically mixes the input signals 
and generates THz radiation, whose frequency (known as beat frequency) is the result 
of the difference of the input lines frequencies [61]. The photonic input signals are 
typically provided through a pulsed mode-locked laser source [62] or, alternatively, 
employing an optical frequency comb generator (OFCG), whose main elements typic- 
ally include a CW infrared laser source (such as highly tuneable distributed feedback 
(DFB) lasers [63-65], vertical-cavity surface-emitting lasers (VCSELs) [66] or quantum 
cascade lasers (QCLs) [67]), phase modulators (PMs) and a low-frequency local oscil- 
lator (LO) [68,69]. 
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Figure 2.6 UTC-PD band diagram (reprinted from [73] with permission). 
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Indium phosphide (InP) based UTC-PDs are room temperature devices and have been 
shown to work above 1.2 THz [70] and to be able to provide radio frequency (RF) 
powers of up to 1.2 mW around 300 GHz in CW regime [71]. The UTC-PD was proposed 
by Ishibashi et al. in 1997 [72]. Figure 2.6 shows its band diagram [73] and the working 
principle [70,74]. The active region consists of a neutral (p-type) narrow-bandgap light 
absorption layer (typically gallium indium arsenide (GalnAs)-based) and an undoped or 
lightly n-type doped wide-bandgap carrier collection layer (usually InP-based). Upon 
light illumination and related electron-hole pair generation, the photo-generated 
majority holes in the quasi-neutral absorption layer relax extremely quickly and diffuse 
very fast, with a timescale of the order of the dielectric relaxation time, towards the 
anode while they are blocked by the carrier collection layer. The photo-generated 
minority electrons diffuse into the depleted collection layer while they are blocked by a 
wide-bandgap layer placed in between the absorption layer and the anode and then drift 
towards the cathode layer by means of the intrinsic electric field and the applied DC 
bias, taking advantage of velocity overshoot. Therefore, this device configuration allows 
for electrons operation only, where they act as active carriers running through the 
depleted carrier collection layer. Consequently, the photo-response of a UTC-PD device 
is uniquely determined by electron transport, which is typically much faster than hole 
transport. Indeed, the electron drift velocity in the carrier collection depletion layer is an 
order of magnitude higher than that of the holes. Thus, the device response time is 
mainly limited by the electron diffusion time across the absorption layer. However, elec- 
tron diffusion velocity in the employed semiconductor material (GalnAs) is typically 
very large due to the high minority mobility and transit time can be minimised by an 
appropriate design of the absorption layer. 

The optical-to-electrical photo-mixing heterodyne down-conversion process used to 
generate the THz beat note is obtained from the difference frequency generation (DFG) 
based on second-order non-linear optical processes in semiconductors at relatively high 
input optical fields [73,75]. 

Table 2.2 shows a summary of UTC-PD based THz wireless communication systems 
and shows that they have been demonstrated with bit-rate capabilities beyond 100 Gb/s in 
the 300-500 GHz band. Using multi-channel data transmission, up to 160 Gb/s through 
QPSK over a 50 cm long link [76,77] and up to 260 Gb/s through 16-QAM over a 50 cm 
long link [78] have been reported, both with bit error rate (BER) below the forward error 
correction (FEC) limit. 
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Table 2.2 UTC-PD THz wireless communication links: some recent results from the literature 


UTC-PD Tx Data rate 
Ref. Technology Rx fe [GHz] Modulation Distance (Gb/s) BER 
[62]  InP/GaAs 35 nm HEMT 225-250 8/I6-QAM 20m 100 < 4.5 x 10° 
[68] InP/— - 320 OOK 100 m 50 9.5 x 107 
[69] InP/- - 320 QPSK 5-l0cm 100 - 
[69] InP/- - 320 QPSK 5-l0cm 90 1.7 x 103 
[79] InP/InP PC 287-325 QPSK 58 m 30 < FEC 
[80]  InP/-— - 280 16-QAM 50 cm 100 <4x 103 
[81] InP/— SBD 400 16-QAM 50 cm 106 <2x 102 
[77] InP- SBD 300-500 QPSK 50 cm 160 7 x 10? 
[77] InP- SBD 300-500 QPSK 50 cm 260 < FEC 


Notes: 
fo carrier frequency; BER, bit error rate; HEMT, high electron mobility transistor; SBD, Schottky barrier diode; 
PC, photoconductor. 


A block diagram of a UTC-PD transmitter is shown in Figure 2.7. This fully analogue 
300 GHz-band wireless communication system employed a CW coherent photonic UTC- 
PD-based transmitter and an electronic sub-harmonic mixer (SHM)-based coherent 
receiver. The THz carrier signal was generated photonically through OFCG by employing 
an infrared laser source, electro-optic phase modulators (EOPM) and a local oscillator 
(LO). After that two of the comb lines were optically selected, modulation took place 
employing an electro-optic amplitude modulator (EOAM) or a quadrature phase shift 
keying modulator (QPSKM) and the lines were then combined and sent to the UTC-PD 
through an optical fibre, where the modulated THz carrier signal was generated by photo- 
mixing and then irradiated though an antenna. This system demonstrated single-channel 
wireless data transmission of up to 50 Gb/s through on-off keying (OOK) over a 100 m 
long link [70] and up to 100 Gb/s through quadrature phase shift keying (QPSK) in the 
5-10 cm range [71], both with BER below the FEC limit. 

Despite the impressive performances, the photonic THz sources are usually complex 
and expensive, in certain cases bulky including optical discrete components, such as laser 
infrared sources, modulators, filters, lenses and cumbersome optical setups, and some need 
proper cryogenic cooling such as p-type Ge lasers and QCLs, which increases cost, com- 
plexity, reduces integrability and increases reliability issues. 


2.1.7 Electronic Transmitters 


Transistor-based terahertz monolithic integrated circuits (TMICs) are being developed for 
wireless communication applications. Silicon (Si)-based complementary metal-oxide- 
semiconductor (CMOS) field-effect transistor (FET) [82], silicon germanium (SiGe) 
heterojunction bipolar transistor (HBT) [83] technologies already offer maximum unity 
power gain cut-off frequency (fmax) of up to 450 GHz [82] and 720 GHz [83], respectively. 
On the other hand, InP-based heterojunction bipolar transistors (HBTs) [84], double 
heterostructure HBTs (DHBTs) [84] and high electron mobility transistors (HEMTs) [85] 
including pseudomorphic HEMTs (pHEMTs) [86] and metamorphic HEMTs (mHEMTS) 
[87]) have been demonstrated with fmax in excess of 1 THz [88] and of up to 1.5 THz [85], 
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Figure 2.7 Block diagram of 300-GHz-band coherent wireless communication system (adapted and 
reprinted from [68] with permission). (a) Transmitter. (b) Receiver. (c) Optical signal generator. 
EOAM: electro-optic amplitude modulator. EOPM: electro-optic phase modulator. PPG: pulse 
pattern generator. BERT: bit error rate tester. UTC-PD: uni-travelling-carrier photodiode. 
SHM: sub-harmonic mixer. 


respectively. The unity power gain defines the frequency range over which good circuit per- 
formance is achievable, which is up to around a third of this value. Therefore, available InP 
transistor technologies can underpin circuit realisations in the 275-330 GHz transmission 
window. In general, TMIC sources are usually designed including frequency multipliers 
[89], up-conversion mixers [48], push-push [90,91] or triple-push [92] harmonic topolo- 
gies, and RF power amplifiers stages [85,93-97]. The extremely complex and inefficient 
circuitry lowers the DC-RF conversion efficiency to well below 1% above 300 GHz. 

TMIC sources have been reported to work at up to 850 GHz [98,99] and to provide 
output powers in the mW range [100-102]. Table 2.3 shows a summary of various TMIC- 
based THz wireless links. Data rates of over 100 Gb/s in the 70-300 GHz band have been 
demonstrated in single-channel links without employing multiplexing techniques [103] or 
MIMO methods [104]. 

Figure 2.8 shows a block diagram of an InP HEMT-based THz wireless communication 
system that was reported in [105] and was used to carry out high-speed data transmission 
experiments, while Figure 2.9 shows a photograph of the fabricated mixer MMIC chip 
and packaged mixer module. At the CW Tx side, an intermediate frequency (IF) signal 
with central frequency of 20 GHz was generated through an arbitrary waveform gener- 
ator (AWG) and modulated through 16-QAM. The signal was then mixed up with a LO 
of frequency of 15 GHz, which was then upconverted by a 18x frequency extender and 
amplified, providing an output signal of frequency of 270 GHz. The modulated upconverted 
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Table 2.3 TMIC THz wireless communication links: some recent results from the literature 


(100Gb/s) 1 


Data Rate 

Ref. Technology Tx Rx fe [GHz] Modulation Distance [Gb/s] BER 

[48] InP 80nm  80nm 272-302 16-QAM 2.22 m 100 < 10? 
HEMT HEMT 

[105] InP 80nm  80nm 296 16-QAM 9.8 m 120 10° 
HEMT HEMT 

[106] Si 40nm 40nm 296 16-QAM | cm 28 103 
CMOS CMOS 

[107] Si 40nm 40nm 300 16-QAM 5 cm 28 < 10? 
CMOS CMOS 

[108] Si 65nm 65nm 70-105 16-QAM 20 cm 120 < 10? 
CMOS CMOS 

[109] SiGe 130nm  130nm 220-255 16-QAM Im 100 4x 10° 
HBT HBT 

[110] SiGe 130nm = 130nm 225-255 QPSK Im 65 < 10? 
HBT HBT 

[I 11] SiGe 130nm = 130nm 230 16-QAM Im 90 10-3 
HBT HBT 

[112] GaAs 35nm = 35nm 240 QPSK 850 m 64 7.9 x 107 
HEMT HEMT 

RF: 300GHz 

IF „=... TX ----- ` 16QAM -----RX srp 

16QAM | Fundamental 1 25Gbaud | Fundamental 1 16QAM 
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Figure 2.8 Conceptual schematic of a TMIC 300-GHz transceiver (reprinted from [48] with permission). 


THz signal was then sent to a high-pass filter (HPF) to suppress the LO leak and the image 
signal, amplified by a 300 GHz power amplifier (PA) and then sent to the antenna and 
radiated. The PA, the low-noise amplifier (LNA) at the Rx side and both the LO amplifiers 
and fundamental mixer stages at both the transmitter and receiver sides were based on 
80 nm InP HEMT technology. This wireless communication system enabled single-channel 
data transmission up to 120 Gb/s at a carrier frequency of 296 GHz using 16-QAM over 
a 9.8 m long link with BER below the FEC limit. 

Diode-based TMIC sources are also being developed for wireless communications, in 
particular resonant tunnelling diodes (RTDs) [113-116]. RTDs are the fastest demonstrated 
solid-state semiconductor-based electron devices operating at room temperature. They 
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Figure 2.9 Photograph of fabricated mixer MMIC and module for the electronic InP HEMT-based THz 
wireless communication TRx (adapted and reprinted from [48] with permission). 


have enabled fundamental oscillators of up to 1.98 THz [117] and output powers of up to 
1 mW in J-band (220-325 GHz [118]) [119,120]. RTD-based 300 GHz-band wireless 
communication has already reached single-channel data transmission up to 30 Gb/s (error- 
free) and data rates of up to 56 Gb/s with BER below FEC limit using amplitude shift 
keying (ASK) over a 7 cm long link [121]. Baseband data is superimposed on the bias line 
to directly modulate the oscillator and requires no mixers. 

THz RTD oscillators are characterised by interesting advantages with respect to the 
other two technologies. Compared to UTC-PD-based photo-mixers, RTD oscillators do 
not require any external input laser source, LO and optical component, such as modulators, 
filters and combiners, reducing cost and increasing compactness and reliability, where all 
the circuit components are monolithically fabricated and integrated on the same chip 
[122]. On the other hand, if compared to transistor-based TMICs, RTD oscillators do not 
require any frequency multiplication and RF power amplification stage but only a DC 
power supply [120], which drastically reduces complexity, cost and increases integrability. 
Moreover, RTD oscillators are characterised by relatively uncomplex circuit topologies 
compared to transistor-based oscillators, which makes them easy to fabricate and extremely 
compact [120, 122]. At the same time, RTD oscillators have relatively moderate phase- 
noise [123,124 ] (even though narrow spectral linewidths and high-quality factors (Q) 
have been reported by integrating varactor diodes [125] or by employing photonic crystal 
cavities [126,127]) and do not typically suffer from thermal stability issues. RTDs can also 
be employed to design high-sensitive THz detectors as well [128], opening up the possibility 
to build up full RTD-based transceivers [121,129]. For these reasons, RTD oscillators are 
considered a promising compact and low-cost solution in order to bring ultra-broadband 
THz wireless communications technology to a widespread consumer marketplace. The rest 
of the chapter is therefore dedicated to describing this technology in detail. 


2.2 Resonant Tunnelling Diode Technology 
2.2.1 RTD Device Technology 


A resonant tunnelling diode (RTD) is a one-dimensional (1D) vertical transport unipolar 
two terminal semiconductor device, which is characterised by a highly non-linear 
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Figure 2.10 Schematic illustration of the current-voltage (l-V) characteristic of an RTD. 


current-voltage (I-V) characteristic comprising a negative differential resistance (NDR) 
region and positive differential resistance (PDR) regions, as illustrated in Figures 2.10 and 
2.20 [130]. This non-linearity is a result of the quantum mechanical resonant tunnelling 
of electrons through the device [131]. The precise shape of the I-V characteristic depends 
on different elements such as the device size, material composition and epitaxial structure 
and the temperature [116, 132]. 

The NDR region is characterised by I, and I, which are the peak current, valley current 
and corresponding voltages V, and V, respectively. Further, it can be described by AI = 
I, — I, which is the peak-to-valley current difference, AV = V, — V, the peak-to-valley 
voltage difference and PVCR = I/I, the peak-to-valley current ratio (PVCR). The span 
of the NDR region determines the maximum radio frequency (RF) power the diode can 
deliver to a load and this can be approximated by (3/16)AIA V [133]. The actual RF output 
power would depend on different elements such as the operation frequency, device and 
circuit parasitic elements and impedance matching considerations [134,135]. 

Figure 2.11 shows the typical layer structure of an RTD in the InP-based material 
system. The core of the device comprises a low-bandgap semiconductor, in the case the 
indium gallium arsenide (InGaAs) quantum well layer, sandwiched by high bandgap 
semiconductor layers, in this case the aluminium arsenide AlAs layers, forming the so- 
called double barrier quantum well (DBQW) structure. The device has a spacer layer on 
either side of the DBQW (unmarked in the figure) and completed by highly doped n+ 
InGaAs contact layers. The DBQW is nanometric in dimensions, typically under 10 nm, 
and therefore thin enough to allow quantum mechanical tunnelling of the electrons 
through the structure. It also means that energy states in the quantum well are quantised, 
that is, only certain energy levels are allowed [136]. The conduction band diagram of 
the RTD is shown alongside for the unbiased and biased cases. In the illustration, the 
lowest allowed energy state in the quantum well is shown. The term ‘resonant’ in the 
name of resonant tunnelling diode refers to the behaviour of electrons with kinetic 
energy lower than the barrier potential but that still are able to travel though the 
double barriers. This is a consequence of the wave-particle duality, where the electron 
can be described through a wavefunction y. The possibility of electrons tunnelling 
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Figure 2.11 Typical layer structure of an RTD which is usually grown by epitaxy and the corresponding 
conduction band diagram at zero bias and higher bias. The energy states in the quantum well 
are quantised. 


through the barriers is defined by the transmission coefficient. At the resonant state, the 
transmission coefficient is close to unity. This corresponds to the electrons entering the 
DBQW having the same energy level as the allowed energy state in the quantum well. 
Thus, as the transmission coefficient of electrons tunnelling through the DBQW changes 
with the bias voltage, the I-V characteristic of resonant tunnelling devices exhibits 
negative differential resistance (NDR) [137]. The details of how this happens are 
provided next. 

The general working principle of a DBQW intraband RTD is illustrated in Figure 2.12 
[130]. In the description which follows, Eye, Ey, Ec, Ec“ and Ey are the emitter and 
collector electronic quasi-Fermi levels (electrochemical potentials), emitter and collector 
conduction band edges and fundamental quantum well quasi-bound energy state, respect- 
ively. In this description, one state only is supposed to exist in the quantum well. When 
the contact on the right hand side is forward biased (Figure 2.12a), resonant current 
starts flowing as soon as E, = Ey (while a negligible thermionic non-resonant current 
component occurs for Ep > Ey") and grows as Ey moves towards Ey“ (first PDR region), 
up to the point where E, = Ec“ (Figure 2.12b), where the current has a peak. When the 
bias is increased further, E moves below Ec“ (Figure 2.12c), where no electronic states 
are filled on the emitter side, and the current dramatically drops with increasing bias, 
that is, the device exhibits a negative differential resistance (NDR). If the bias is increased 
even further (Figure 2.12d), the second barrier moves below Ey and thermionic emission 
across the first barrier takes place, where the current dramatically increases (second PDR 
region). 

Since resonant tunnelling in these 1D vertical transport semiconductor-based 
nanostructures is a very fast process (how fast and the concept of ‘tunnelling time’ itself 
are still subjects of debate [138-140]), the NDR is characterised by an extremely wide 
bandwidth [141], which can extend up to the THz range [142,143]. Therefore, RTDs 
can be embedded in resonators to build up sub-millimetre-wave or THz continuous wave 
sources and highly sensitive detectors. 
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Figure 2.12 Intraband RTD conduction band diagrams at different bias points. This approximated represen- 
tation assumes the right contact to be forward biased with respect to the left one, where E£, 
Es, Ee, E¢ and E, are the emitter and collector quasi-Fermi levels (electrochemical potentials), 
conduction band edges and ground state resonant energy level, respectively, the latter assumed 
to be sole in the well. A schematic representation of the quasi-bound electronic wavefunction 
(evanescent envelope) square modulus PAN = PAI associated to E, = E is provided. The 
operation principle can be divided into four regions: (a) first PDR region, (b) peak current, (c) 
NDR region and (d) second PDR region. 


Resonant tunnelling theory was first proposed by Tsu and Esaki in 1973 [144] and the 
I-V characteristics with peak tunnelling current at resonant energy were observed experi- 
mentally on double barrier GaAs/Al) „Gay „As heterostructure in 1974 [145]. The develop- 
ment of epitaxial crystal growth techniques such as molecular beam epitaxy (MBE) in the 
1970s led to a great improvement in high-quality RTD heterostructure materials growth. 
Since then extensive research has been devoted to resonant tunnelling devices. 
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Table 2.4 \II-V RTD material parameters (at room temperature (300 K)) [149] 


Material m* E, (eV) ë AE, (eV) 

GaAs 0.067m, 1.42 12.9 0.28 

AlAs 0.15m, 3 10.1 

Inos3GaoazAs 0.042m, 0.74 13.9 l 

AlAs 0.15m, 3 10.1 

InAs 0.027m, 0.36 15.1 1.35 

AlSb 0.12m, 2.4 12.04 

GaAs 0.067m, 1.42 12.9 

Al,Ga,,,As 0.063+0.083x 1.424 + 1.247 if 0<x<0.45 0.063 + 0.083x  0.79x if 0<x<0.41 
1.9 + 0.125x + 0.143x12 if 0.475 — 0.335 + 
0.45<x<! 0.143x2 if 0.41<x<| 


Note: my = 9.11 x 107! kg is the electron rest mass. 


RTD devices realised in III-V materials show attractive characteristics such as THz 
intrinsic cut-off frequency, high peak current density and high PVCR performance 
[146,147]. The parameters of commonly used I-V semiconductor materials for RTDs are 
shown in Table 2.4, in which the effective mass (m*), band gap (E,), relative dielectric con- 
stant (£,) and conduction band offset (AE,) of the different RTD material systems are 
compared. In general, effective mass of small electron leads to high mobility and improved 
transport properties, and high conduction band offset will improve the PVCR by 
suppressing the thermal electron current [148]. 

After the resonant tunnelling phenomenon was first demonstrated in 1974 [145], exten- 
sive research contributed to the first prototype RTD device based on the GaAs/AI,Ga,_, As 
material system [150,151]. GaAs (low band gap) was sandwiched between Al,,Ga,_, As 
barriers (high band gap). 

The InP-based InGaAs/AlAs material system has been attractive for THz RTDs because 
of the low effective mass and high conduction band offset semiconductor materials. 
Ing s3Gay „As is lattice matched to a semi-insulating (SI) InP substrate and the structure is typ- 
ically grown using molecular beam epitaxy (MBE), even though metal organic vapour phase 
epitaxy (MOVPE) has also been investigated [152-154]. The effective mass of Ing 53Gao 47As 
is 0.04471), which is much smaller than 0.06771) for GaAs and the conduction band offset 
AEc = 0.65 eV higher than GaAs/AlGaAs system [150]. A low specific contact resistance (p,) 
of the order of 10-8 Qcm? (10% Ocm? for GaAs) with a saturation velocity more than 1.5 x 
10” cm/s (107 cm/s for GaAs) is attainable in InGaAs/AlAs system [155,156]. 

A generic example is depicted in Figure 2.13, while variations in the quantum well 
design and doping level and position of spacers/contacts are found among the different 
RTDs reported in the literature. The DBQW comprises the low- bandgap GalnAs layer 
sandwiched between two widebandgap AlAs barriers. Often, an In- rich GaInAs well or an 
indium arsenide (InAs) subwell is also used. Metal contacts typically employ a titanium/ 
palladium/gold (Ti/Pd/Au) stack scheme. In this representation, the nomenclature of layers 
assumes the top metal contact to be forward biased with respect to the bottom one. The 
thicknesses of the DBQW layers and the indium (In) molar fraction reflect on the diode 
I-V characteristic and impedance [157,158], affecting speed and RF power performances. 
The small electron effective mass of GalnAs and the high AlAs/GalnAs conduction band 
offset (which decreases the valley current associated with thermionic emission [159]) lead 
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Figure 2.13 Schematic representation of a generic AlAs/GalnAs-based DBQW RTD epitaxial structure for 
THz applications grown on a semi-insulating (SI) InP substrate (variations in well design and 
spacers/ contacts doping level and position are found among the different RTDs reported in the 
literature). The layers nomenclature assumes the top metal contact to be forward biased with 
respect to the bottom one. Labels u, n-, n+ and n++ mean undoped, lightly doped, highly doped 
and heavily doped, respectively. Metal contacts typically employ a Ti/Pd/Au stack scheme [120]. 


to high-available current density and PVCR [160]. Outside of the undoped active region, 
spacers and heavily doped (typically employing Si as a dopant) electron reservoirs com- 
plete the epitaxial structure of the diode. Spacers are chosen to avoid dopant diffusion into 
the active region, to reduce the self-capacitance of the device and to maximise speed and 
power performances [161,162-165], while doping level of contact layers and In molar 
fraction are optimised to enhance current density and reduce the associated contact resist- 
ance [49,122]. 

Indium arsenide/aluminium antimonide (InAs/AlSb) heterostructures [166,167—-171] 
including those based on gallium-antimonide (GaSb) well [172-176]) have also been 
investigated as THz sources since they are characterised by superior speed and power per- 
formance. The InAs/AISb system has several advantages over GaAs/AlGaAs and InGaAs/ 
AlAs system such as low effective mass and high conduction band offset. The effective 
mass of InAs is 0.0237, and the conduction band offset is about 1.35 eV [177]. The low 
specific contact resistance (10? Ocm?) and high saturation velocity of electrons (5x 107 cm/ 
s) benefit the InAs/AlSb material system over other materials [166,178,179]. Indeed, they 
feature high-available current density due to the staggered type-II conduction band offset 
[180], which allows electrons to tunnel through the barriers close to the valence band edge 
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of AlSb, reducing the associated attenuation coefficient [181-183]), low effective mass 
of InAs, absence of ternary/quaternary alloy scattering and low electron-to-longitudinal 
optical phonon scattering rate [178]. Moreover, they feature small electron transit time 
across the device depletion regions [178], which lowers the diode self-capacitance. In add- 
ition, a nearly ideal Ohmic contact can be formed at the metal-In As junction since the Fermi 
level pinned in the conduction band [179], removing the Schottky barrier and lowering the 
associated contact resistance [184]. However, the quality of the epitaxial growth is poor 
due to the lattice mismatch arising with commonly employed semi-insulating substrates 
[168], such as GaAs and GaSb. 

Recently, III-nitrides have gained interest for intersubband devices. They feature a large 
conduction band discontinuity (~2.1 eV in AIN/GaN) and good saturation velocity of 
2.5 x 107 cm/s, but have large electron effective mass (m* ~0.2-0.3m ) and the Ohmic 
contacts are poor (~10° 0cm?). Demonstrated devices have exhibited fmax of under 200 
GHz [185] and so the jury is still out for this material system for THz sources. 

For THz communications, only the GaInAs/AlAs RTDs realised on InP substrates have 
demonstrated the potential for practically relevant results and so the rest of the chapter 
will focus on this family of RTDs. 


2.2.2 RTD Device Modelling and Design 


The current voltage (I-V) characteristic of an RTD is usually modelled by an analytical 
expression derived from its device physics [113]. Other modelling approaches include 
fitting with an n-th order polynomial [131] or for simplified device analysis, a third order 
polynomial in which the origin (reference point) is shifted to the mid-point of the negative 
differential resistance (NDR) region [133]. 

At any specific bias point of the I-V characteristic, the RTD can be modelled using a 
linear model, usually a lumped element equivalent circuit as shown in Figure 2.14. In this 
case, the device is represented by its self-capacitance Cna = Co + Ca, where Cy is the device 
geometrical capacitance and C,,, is the quantum well capacitance in parallel with the series 
of the negative differential conductance (NDC) -G,,; and the negative quantum well 
inductance —L,,, with both G,,, and L,,, being positive values. C,,, is associated to the 
quantum well charge distribution change as a function of the voltage [186,187] and this 
is related to the electron escape rate from the well towards the collector and with the 
transit delay of depletion regions [188], while Gu and L,,, model the RF gain capability 
of the device and the lag associated with the quantum well charging and discharging as a 
function of the voltage (which is related to the electron quasi-bound state lifetime in the 
well) [187, 189], respectively. In the PDR regions of the I-V characteristic, both the 
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Figure 2.14 Intrinsic small-signal equivalent circuit of an RTD in the NDR region. R; is the contact and 
access resistance, —G,„ the device conductance, C,,, the device self-capacitance and —L,, the 
quantum-well inductance. 
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differential conductance and quantum well inductance are positive. The model is completed 
by a series resistance Rs, which models the contact and access resistance. 

Both the device I-V characteristics and small signal model provide feedback required 
for technology optimisation and can, for instance, be used in the estimation of the max- 
imum operation frequency fasa [190] and the gain roll-off [191] of the RTD device. The 


device cut-off frequency faax is given by [116,120]: 


fmax = Gra : -1 (2.1) 
274 RSGaa 
Here, Guy = PO Li and R = Pe with p. being the specific contact resistance; AI 
2AV 2AV A 


and AV are the peak-to-valley current and voltage differences, respectively, and are found 
from the measured I-V characteristics; and AJ = AI/A is the peak to valley current density. 
Therefore (1) can be rewritten as [120]: 


fax = cee ae (2.2) 
2 mee, 3AV \ 3AJp. 


For a given RTD device, it can be deduced from (2.2) that the cut-off frequency is inde- 
pendent of device sizing and is only related to AJ and pa which are mostly determined by 
the layer design and the fabrication process, respectively. This means that the largest pos- 
sible RTD devices can be used to maximise oscillator output power. However, this has still 
to be proved experimentally and work in this regard is already underway. Here, the RTD 
and load (G,) conductance must also be matched to the negative differential conductance, 
that is, it should satisfy the relationship G,,, = 2G, [133]. 

Linear modelling of RTDs is based on S-parameter characterisation of the device. 
However, the existence of the NDR means that RTD devices are prone to oscillations 
when biased in this region, and so to avoid these bias oscillations, a shunt resistance R, 


. : ; 1 : i 
is usually connected across the device. It must satisfy R, > — which for a given R,, 
rtd 


establishes the maximum device size, A, as [120]: 


2AV 
3A] 


Anna Re < (2.3) 


R,, is usually chosen to be in the 10-20 O range. From (2.3), it is clear that the use 
of RTD design with large AV and moderate AJ is key to realising large devices which 
can provide high power at THz frequencies. For the small-signal device modelling, the 
stabilising resistance, has to be de-embedded from the measurements [192]. A review of 
the small signal modelling of RTDs can be found in Refs. [116,186-191, 193-203] for the 
interested reader. 

A unified or non-linear large-signal model is needed to carry out large signal analysis of 
an RTD oscillator, for example, estimate the diode RF output power capabilities, or in the 
design of a direct detector [116,204]. Such a model should be capable of reproducing both 
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the device I-V and bias-dependant small-signal characteristics. To date, however, such 
a model is yet to be developed but efforts are underway in this regard [205]. Therefore, 
RTD oscillator design is typically carried out by relying on an empirical approach 
[135,189,199]. Based on the device’s I-V characteristics and small-signal parameters, 
basic oscillator design is done and then variations of these designs are manufactured and 
then characterised to identify the best or desired designs. 


2.2.3 RTD Oscillator Design 


RTD-based negative differential resistance (NDR) oscillators can produce either sinus- 
oidal or non-sinusoidal/relaxation oscillations. The latter are usually at low frequency 
(MHz range) and set by the inductance of the bias line [178] and so not discussed here. 
State-of-the-art THz RTD transmitters exclusively employ sinusoidal oscillators and their 
principle of operation conforms to classical electronic oscillators. When the RTD is biased 
in the NDR region, electronic noise in the circuit is amplified by the NDR and the system 
filters out all frequency components except those defined by the resonator passband. The 
shape of the spectrum defines its quality factor (Q) and the corresponding relative band- 
width which depend upon the LC resonator and losses in the circuit. If the large-signal 
NDR can compensate for circuit, device and antenna losses within the resonator band- 
width, a stable oscillating signal is obtained across the load [206]. An RTD oscillator can 
be therefore considered a DC-to-RF power converter, where the energy provided by the 
bias supply is transformed into an RF output signal with a certain efficiency and then 
radiated through an antenna [122]. 

A schematic representation of a general RTD-based sinusoidal oscillator lumped equiva- 
lent circuit topology is shown in Figure 2.15(a) [207]. The DC part of the circuit is 
composed of the DC supply V, the bias line that is modelled by its parasitic resistance R, 
and line inductance L,, the decoupling capacitor Cy, and the stabilising shunt resistor R,» 
while the RF part of the circuit comprises the resonating inductance L, the RTD device 
and the load resistance R,. The resonating inductance is usually realised from a short 
section of a transmission line such as a coplanar waveguide (CPW) [208], a coplanar 
stripline (CPS) or a microstrip line, while the resonating capacitance is provided by the 
intrinsic self-capacitance of the diode. In this case where the resonating inductance L is 


RTD | 


RTD | 


Figure 2.15 (a) Single RTD oscillator topology with shunt resistor R,. and decoupling capacitor Ca. R, and 
L, denote the bias cable resistance and inductance. R, is the load resistance and L the res- 
onating inductance. (b) Large signal model. RTD is represented by its self-capacitance Cna in 
parallel with voltage controlled current source i(v). (c) Small signal equivalent circuit. RTD is 
represented by its self-capacitance C,,, in parallel with the negative conductance -G,,.,. The para- 
sitic contact resistance is neglected. 
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realised from a transmission line, the relation @L = Z,tan is used, where a, is the oscil- 
lation frequency, f the phase constant and / the length of the stub. This is often the case for 
RTD oscillators operating below 300 GHz. Also, for such oscillators, an external load is 
often used. For higher frequencies, an on-chip integrated antenna is usually employed in 
which case it works both as the resonating inductance and radiator, i.e. load resistance. 
The shunt resistor R,, suppresses low-frequency bias oscillations. And since the DC bias is 
fed via the resonating inductance, the decoupling capacitor Ca. is used to ground the 
inductor and also to short-circuit the stabilising resistor at the oscillation frequency, 
thereby decoupling the oscillator circuit from the bias supply. 

The decoupling capacitor is chosen using equation (2.4), that is, it should act as a short 
circuit at the desired frequency fos: 


(QafCi)” S 0.1 (2.4) 


while the value of the stabilising resistance should satisfy [209,210]: 


1 _ 2AV 


Ry < = Ned 
Gud 3AJA 


(2.5) 


Equation (2.5) indicates important information for RTD oscillator design: for a large-size 
RTD device, the absolute value of negative resistance (R na) is small, which requires a small 
shunt resistor R, to suppress the bias oscillations. For example, for an RTD device with 
AV = 0.4 V, AJ = 9 mA/um?, if the device size A = 10 um?, the calculated R,, = 2.9 Q, which 
is an impractically small resistor. Also, a large portion of DC power would be dissipated 
by such a small value shunt resistor. Instead, from Equation (2.5), it can be noted that for a 
given shunt resistor value R „the RTD device size can be maximised for high-output power 
capability while the low-frequency bias oscillations can also be suppressed [209,210]. 

The RF equivalent circuit of the circuit shown in Figure 2.15(a) is represented in 
Figure 2.15(b), where the RTD is replaced by its large single model, which consists of a 
self-capacitance (C,,,) in parallel with voltage controlled current source. By approximating 
he RTD I-V characteristic with a third order polynomial of the form i = f (v) = -av + bv? 
for which the origin is shifted to the mid-point of the NDR region, the performance of the 
RTD oscillator can be evaluated analytically. Specifically, it can be shown that the max- 
imum power delivered to the load G, =1/ R}, that is, the maximum power generated by 
the diode, is given by [133,211]: 


B= AVA (2.6) 
16 


Finally, the small signal equivalent circuit of the single RTD oscillator is shown in 
Figure 2.15(c) where the RTD is represented by its small signal model, with the parasitic 


series resistance R, neglected. The frequency of the oscillation (f) can be derived from the 
susceptance of the circuit being set to zero, that is [207]: 


1 


270| pac Coed ~ 2nfyL =0 
0 


(2.7) 
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and therefore 


1 


214] LCa 


Further, it can be shown that a non-negligible contact resistance Rs of the RTD causes 
the variation of the RTD oscillator output power with frequency [135]. The resonant fre- 
quency fas can be determined to be [209]: 


fos = (2.8) 


(L ~ C,.aR2) 


dace = (2.9) 
2nLJCug (1 + RG) 
while the power delivered to the actual load resistance R, is given by [209]: 
' 2(Gi4—-G_)G 
genii (Gu = GiGi (2.10) 
Rg + Ry 3b 
where 
27 2 
i LS (2.11) 
1+ œL G? 


and G, is the apparent load, which changes with frequency and so does not present an 
ideal load for maximum output power, that is, output power drops with increasing fre- 
quency. At any given frequency, an optimum value of the oscillator load G, may be found. 
For the simplified RTD equivalent circuit with only one parasitic component (Rs), the 
maximum output power predicted by (2.6) can be considered as an upper limit. 

To illustrate the importance of reducing Rs, the calculated/expected output power as 
a function of frequency for a single 4 um x 4 um RTD device oscillator is shown in 
Figure 2.16 (solid trace). Here, the device parameters AV = 0.6 V and AI = 24 mA and 
Rs = 2.8 O have been used. As seen in Figure 2.16, the cut-off frequency is around 340 
GHz. The expected output power is about 0.5 mW at 300 GHz. Figure 2.16 (dashed trace) 
also shows the expected oscillator performance if a lower contact resistance of, say 1.4 
Q, was used — higher output power and higher bandwidth become possible. The expected 
output power becomes 2.5 mW at 300 GHz. 


2.3 THz RTD Oscillators 
2.3.1 Overview 


Different approaches have been adopted to develop THz RTD oscillators featuring 
different device epitaxial structures and circuit designs. Figure 2.17 shows the output 
power and corresponding oscillation frequency of these oscillators to date. Clearly, THz 
operation has been demonstrated, but the output power is still under a 1 mW beyond 300 
GHz, which is perhaps the main limitation of this technology. The oscillators are almost 
all exclusively in InP technology. 


THz System with Resonant Tunnelling Diodes 49 


Power (mW) 


100 


200 300 


Freq (GHz) 


400 


Figure 2.16 Variation of output power with oscillation frequency for an RTD oscillator employing a 4 um x 
4 um device (Cna = 60fF) with a R; = 2.8 Q (solid line, fr, = 340 GHz & Prax = 0.5 mW at 300 
GHz; while for Rs = 1.42 (dashed line, fmax = 500 GHz & PL, = 2.5 mW at 300 GHz). 
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Figure 2.17 Output and fundamental frequency of oscillation for reported single-chip RTD oscillators. 
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Table 2.5 State of the THz RTD oscillators 


Ref. Technology Al [mA] AV[V] PVCR Pra [mW] Antenna  f_osc RF power 
[213] InP 18-23 0.36 2 1.21-1.55 slot 548 GHz 0.42 mW 
[122] InP 2.1 0.4 1.7 0.16 slot 1.92 THz 0.4 uW 
[117] InP 2.8 0.5 1.8 0.26 slot 1.98 THz 40 nW 
[214] InP 19.6 0.36 - 1.32 (single) slot 620 GHz 0.61 mW 
[215] InP 72 0.34 2 0.46 (single) dipole I THz 0.73 mW 
[120] InP 25 0.7 3 3.28 / 260 GHz | mW 
[212] InP 16.6 0.8 2.5 2.49 (single) = / 84 GHz 2 mW 
[216] InP 29.6 1.3 12 7.21 / 62.5 GHz 3.12 mW 
[217] InP 1.74 0.22 1.4 0.07 patch 1.52 THz 1.9 uW 
[218] InP 3.1 0.2 1.4 0.11 dipole 675 GHz 47 uW 
[219] GaN 2.5 0.8 1.05 0.37 / 0.98 GHz 3 uW 
[194] GaAs 6.25 0.4 1.5 0.47 / 420 GHz 0.2 uW 
[166] GaAs* 4.95 0.3 3.4 0.28 / 712 GHz 0.3 uW 


Notes: fo stands for oscillation frequency, J, is the peak current density while Al, AV, PVCR and Pax are the peak-to- 
valley current difference, peak-to-valley voltage difference, peak-to-valley current ratio, and maximum possible power, 
respectively. “GaAs substrate but InAs/AlSb RTD structure. 


Table 2.6 Electrical characteristics of RTDs in Table 2.5 


Ref. Technology Mesa [um?] p. [O um?] Chu [fF/um?] J, [mAlum?] J, [mA/um?] “ [mA] V, [V] 


[213] InP 1.5-1.9 95-12 - = 24 12 24 = 
[122] InP 0.1 = z 50 29.4 20.6 04 
[117] InP 0.2 2 = 31 17.1 13.9 - 
[214] InP 1.4 3 = = = = = 
[215] InP 0.5 = = 29 14.5 145 - 
[120] InP 16 50 3.8 3 l 2 l 
[212] InP 16 83 2.5 1.9 0.75 112 09 
[216] InP 26.4 106 4.5 1.2 0.1 12114 
[217] InP 0.88 46 8.1 6.9 4.9 2 0.67 
[218] InP 1.65 = = 6.7 48 1.9 0.65 
[219] GaN 25 100 2.4 2.2 2.1 0.1 92 
[194] GaAs 12.5 10 1.5 1.5 l 0.5 06 
[166]  GaAs* 25 5 ÎN] 2.8 0.82 1.98 12 


Note: *InAs/AlSb RTD. 


Table 2.5 provides details some of oscillators including the highest reported funda- 
mental oscillations at 1.98 THz with 40 nW output power [117] and highest reported 
output powers of 1 mW at 0.26 THz [120], while Table 2.6 provides electrical details on 
the RTD devices that were used. The corresponding epitaxial layer structures of these 
devices are provided in Appendix A (Tables 2.8 and 2.9) for reference. 

Note that for frequencies beyond around 300 GHz, the oscillator designs employ 
integrated antennas and the devices are characterised by high peak current density ],. The 
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device sizes are small and the output power is typically low in the pW range. On the other 
hand, for lower frequencies, low J,, large AV and large mesa area devices are used as well 
as external loads/antennas. The output power are in the mW range. AI is higher for devices 
operating below 600 GHz, while AV is very modest, under 0.5 V for the InP-based RTDs. 
The discrepancy between the maximum available power and actual measured power is 
also significant. 

From Table 2.6, it can be seen that the typical self-capacitances in the range 3-8 fF/ 
um’, while device sizes are under 2 um? for oscillators operating over 100 GHz apart from 
those reported in Refs. [120, 212]. The contact resistances are also very varied, ranging 
from 3 to 106 Oum?. The peak current density J, varies over a large range, 1-50 mA/um?, 
which in some ways shows the relative immaturity of the epitaxial design approaches and 
associated oscillator circuit realisation. 

The achieved results show large variations in output power with frequency, and so a 
coordinated approach using best practise may result in THz sources with output powers 
in the mW range. Clearly, effective THz power combining techniques suited to RTDs also 
need to be developed. 


2.3.2 RTD Oscillators Up To 300 GHz 


We first describe in some detail RTD oscillators operating below 300 GHz. As noted 
above, the device design is characterised by low J,, large AV and large RTD mesa area. Due 
to the large device sizes, photolithography and wet etching can be adopted, which make 
fabrication relatively easy and inexpensive. The load is usually either an external antenna 
or the input impedance of the characterisation equipment such as the spectrum analyser 
or power meter, which is typically 50 Q. Figure 2.18 shows the circuit topology of W-band 
RTD oscillator [212], while a micrograph of the fabricated oscillator is shown in 
Figure 2.19. The characterisation setup for these oscillators involved on-wafer probing 
and down-conversion mixers for display of the signal on a 50 GHz spectrum analyser [212]. 


= =~ Ge Zn, N Au iz 


Figure 2.18 Double-device RTD oscillator lumped equivalent circuit topology, where each device is biased 
and stabilised individually. The circuit elements are the same as in Figure 2.15(a), where a DC 
block capacitor is added. 
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Figure 2.19 Micrograph of the fabricated 84 GHz double-RTD oscillator [212]. 
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Figure 2.20 RTD epitaxial structure employed in the realisation of the 84 GHz and 260 GHz oscillators, 
measured l-V characteristics and a micrograph of a 4x4 um? device [222]. 


The epitaxial layer structure for the RTD is depicted in Figure 2.20, which includes the 
I-V characteristic of a 4 um x 4 um device and its micrograph. It was characterised by a 
GalnAs/AlAs DBQW heterostructure with ~1.4 nm thick barriers, ~4.5 nm thick well and 
~26 nm thick lightly doped spacers [220]. It was grown onto a SI InP substrate by MBE. 
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Figure 2.21 Micrograph of the fabricated microstrip 260 GHz RTD oscillator [120]. 


Two RTDs were connected in parallel for high-output power operation and each one was 
biased and stabilised individually, but they shared the same RF load [208]. The RTDs mesa 
was ~16 um? with the following electrical characteristics: J, = 1.87 mA/um?, PVCR = 2.5, 
AI = 16.6 mA and AV = 0.8 V. The self-capacitance of the RTDs resonated with a common 
inductance provided by a 42 um long CPW line of characteristic impedance Za = 50 Q. 
Stabilising resistors (Rœ = 10 Q) were fabricated using nichrome (NiCr) films, while the 
MIM decoupling capacitors (~2 pF) and the DC block (~1.5 pF) were realised using silicon 
nitride (SiN,) as the dielectric layer. Ohmic contacts were fabricated through a Ti/Pd/Au 
metal stack, where the contact resistivity p. was ~50 O-um?. The maximum oscillator 
output power was 2 mW. 

By scaling (reducing) the resonating inductance, a J-band RTD oscillator was demonstrated 
using the same epitaxial wafer structure and RTD device size [208,221]. The oscillator 
design featured a single RTD device, a 88 um long microstrip based resonating inductance 
with characteristic impedance Z, = 10.4 Q with which Polyimide PI-2545 was used as the 
dielectric. Reducing Zo made the inductance per unit of length to decrease, which allowed 
the use of a long length of resonating inductance. Fabrication was done solely with photo- 
lithography. Ohmic contacts, a 0.1 pF SiN, MIM decoupling capacitor, the DC block (~1.3 
pF) and the stabilising resistor (R,, = 20 Q) were fabricated as in Ref. [212]. A micrograph 
of fabricated oscillator is shown in Figure 2.21. The reported RTD electrical parameters 
were J, = 3 mA/ um’, PVCR = 3, Al = 25 mA and AV = 0.7 V. Figure 2.22 shows the spec- 
trum of the fundamental oscillations for the oscillator at 260 GHz. The corresponding 
output power was 1 mW, with a DC-to-RF efficiency of ~0.7% [120]. 

The modulation bandwidth of this oscillator was measured using 2-port S-parameters 
of an unbiased oscillator and then deduced from the forward transmission coefficient, S34, 
to be ~110 GHz [222]. 


2.3.3 RTD Oscillators above 300 GHz 


For RTD oscillators operating beyond 300 GHz, different antenna types, such as slot 
antennas [122], Vivaldi antennas [223], radial line slot antenna [224], patch antennas 
[225-227], dipole antennas [218,215,228] and bow-tie antennas [229,230], have been 
employed. The most common on-chip antenna is the slot antenna, which is used in con- 
junction with a hemispherical Si lens [122,231,232]. This is so because of the high dielec- 
tric permittivity of InP (£p ~ 12.5 [233], e. ~ 9.6 [234]), and so most of the output power 
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Figure 2.22 Measured spectrum of a | mW 260 GHz microstrip single RTD oscillator [120]. 


is radiated into the substrate. Thus, the oscillator chip is mounted onto a hemispherical Si 
lens to extract and collimate the radiated power [235], with the thickness of the oscillator 
chip and the lens designed to maximise the power extraction efficiency. 

Figure 2.23(a) and 2.23(b) show an illustration of the fabricated structure of an RTD 
oscillator integrated with slot antenna and its equivalent circuit, respectively [134,195]. 
The RTD is located at the centre of the slot. The electrodes of the RTD are connected to 
the left and right electrodes of the antenna. At both edges of the antenna, the electrodes 
are overlapped with a silicon dioxide (SiO) layer between them forming a metal- 
insulator-metal (MIM) capacitor across which a stabilising resistor is connected. The 
equivalent circuit of this oscillator is identical to that of Figure 2.15. The oscillation fre- 
quency is determined by the parallel resonance of L and C,,,, where the inductance L is 
produced by the antenna and the capacitance Cq is the intrinsic self-capacitance of the 
RTD. The SiO, MIM capacitor plays the same role as Ca. in Figure 2.15. The antenna 
inductance L could also be viewed as the inductance of the metallisation (connection) 
between Cy, and the RTD, and looking at it this way the circuit is identical to that shown 
in Figure 2.15. 

Since the input impedance of the slot antenna is infinity at the centre and zero at the 
edges of the slot, for good impedance matching between the RTD and the antenna, the 
RTD should be located away from the centre [236]. Actual location can be determined 
from 3D electromagnetic simulations. For this realisation, the dimension of the shorter part 
determines the antenna susceptance which is mainly inductive and so defines the oscillation 
frequency. On the other hand, the dimensions of the longer part determines the radiation 
conductance which defines the output power of the oscillator. Using this approach led to 
output powers of up to 0.42 mW at a fundamental oscillation frequency of 548 GHz [213]. 

The layout of a 1.92 THz RTD slot antenna oscillator is shown in Figure 2.24. The 
upper RTD electrode was connected to the top antenna electrode along the back side of 
the slot through an air-bridge structure as shown in Figure 2.25a, while the RTD bottom 
contact was connected to the bottom antenna electrode on the front side of the slot, 
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Figure 2.23 (a) A planar resistor-stabilised millimetre-wave and THz RTD oscillator integrated with a slot 
antenna load (reprinted from [134] with permission). (b) RF equivalent circuit of the oscillator 
in (a) (reprinted from [134] with permission). 
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Figure 2.24 Schematic of the circuit layout employed in the realisation of the 1.92 THz RTD-based oscil- 
lator (reprinted from [122] with permission). 


integrating the RTD device with the antenna. The decoupling MIM capacitor was placed 
on the back side and it was fabricated through a thin SiO, layer sandwiched between the 
upper and lower Au-based antenna electrodes. The shunt resistor was realised from the 
highly doped GalnAs underlayer and connected between the upper and bottom electrodes 
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Figure 2.25 In (a), a schematic representation of the 1.92 THz oscillator cross section, showing the inte- 
gration of the RTD device with the slot-antenna through the air-bridge structure (reprinted 
from [122] with permission). In (b), a sketch showing the oscillator chip mounted onto 
the hemispherical Si lens for field collection and focusing (reprinted from [235] with 
permission). 


of the MIM capacitor and RTD. The measured output power was 0.4 uW at 1.92 THz 
[122]. The RTD device had a mesa area of ~0.1 um?. By further optimising the antenna 
electrode thickness (3 um) to reduce the associated conduction losses, fundamental 
oscillations at 1.98 THz with output power of 40 nW [117] were achieved. The 1.98 THz 
oscillator employed an RTD with a mesa size of ~0.2 pm’. 

The epitaxial wafer structure for the 1.92 and 1.98 THz RTD oscillator comprises a 
GalnAs/AlAs DBQW heterostructure and is shown in Figure 2.26. It features a gallium 
aluminium indium arsenide (GaAlInAs) graded emitter layer [237], which allows for a 
reduction of the voltage drop across the RTD when it is biased in its NDC region by 
moving the emitter conduction band edge closer to the well resonant level and therefore 
shifting the peak voltage to lower bias. This increases the DC-to-RF efficiency, reduces 
thermal heating and prevents the generation of high electric fields in the depletion regions 
[237]. An indium-rich (90%) and ~2.5 nm thick GalnAs quantum well was employed to 
allow further DC bias reduction by depressing the quantum well ground state sub-band. 
Employing a thin well layer reduces the electron transit time and increases the operation 
frequency [157], while the second sub-band stays in place due to the low well electronic 
effective mass caused by the increased indium (In) content. This increases both the current 
density AJ and peak-to-valley current ratio (PVCR) due to valley current reduction, which 
benefits the device in terms of speed and power performances [238]. Thin ~1 nm thick 
AlAs barriers allow for high-current density needed for high-speed operation [235], while 
a 12-nm-thick undoped collector spacer layer for a trade-off between geometrical capaci- 
tance and carriers transit time [161]. A highly doped indium-rich graded cap layer was 
designed to improve the Ohmic resistance of the top contact by reducing the Schottky bar- 
rier height and the associated contact resistance. Ohmic contacts were fabricated using the 
Ti/Pd/Au metal stack. The RTD characteristics were reported in [122] and are as follows: a 
high peak current density J, = 50 mA/um?, low PVCR = 1.7, high AJ = 20.6 mA/um? and 
AV = 0.4 V. 

For the measurement of the oscillation frequency, the RTD oscillator die was mounted 
are on a Si hemispherical lens and an FTIR (Fourier-transform infrared) spectrometer 
with a liquid helium-cooled bolometer as a THz receiver was used. For the output power 
measurement, the radiated THz wave was focused by a parabolic mirror and THz lens and 
received by a power meter via a horn antenna. 
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Figure 2.26 Schematic of the RTD epitaxial structure design employed in the realisation of the 1.92 THz 
[122] and 1.98 THz [117] oscillators (reprinted from [122] with permission). 


2.3.4 Other THz RTD Oscillators 


THz RTD oscillator concepts other than the aforementioned ones have also been reported 
in the literature. They include a 675 GHz differential double-RTD oscillator; a 165 
Hz push-push [239] and triple-push [217,240] (1.52 THz) based on second and third 
harmonics, respectively. 

A varactor diode can be integrated with the RTD to increase the frequency tunability 
range, for example, up to 40% [241]. This is a way to overcome the weak bias dependence 
of the device self-capacitance and so realise a voltage controlled oscillator (VCO). 

For spectral narrowing, the use of phase locked loops (PLLs) with RTDs have also 
been demonstrated [125]. In this regard, free running very low-phase noise microwave 
RTD transmitter with —95 dBc/Hz @ 100 kHz and -114 dBc/Hz @1 MHz have been 
demonstrated in Ref. [242]. These meet the requirements for applications in wireless 
communications where very low-phase noise oscillators (< —90 dBc/Hz at 100 kHz offset 
and < —110 dBc/Hz at 1 MHz offset) are needed. 

As discussed in the Chapter 3 (“Characterisation of Emitters and Detectors”), the 
coherence length of the 300 GHz RTD sources is around 100 m as determined from the 
measured spectrum. Therefore, RTD sources can be highly coherent. Also, from a broader 
view of the frequency peak, its lineshape or spectral profile, the RTDs sources may be 
judged to be low-noise emitters. 


2.4 THz RTD detectors 
2.4.1 Overview and General Working Principles 


DBQW RTDs can be used to realise high-sensitivity THz detectors as well and can operate 
both as direct detectors [243,244] or coherent detectors [121,245]. In the first case, the 
RTD is typically biased at the peak current and can perform standard envelope detection 
of amplitude modulated signals according to the square-law scheme by exploiting the non- 
linearity associated with this region [245]. This is illustrated in Figure 2.27. It is worth to 
make it clear that, in DBQW RTDs, this non-linearity is not associated with thermionic 
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Figure 2.27 Operation principle of an RTD envelope detector for OOK demodulation. 


emission but rather with thermal broadening of the quantum well sub-band associated 
with the resonant level. This makes the sensitivity of an RTD detector to be typically 
higher than of a Schottky barrier diode (SBD) even at room temperature [116,128]. 

In the second case, an RTD oscillator can operate as a coherent detector [246]. Here, 
the RTD is biased within its NDR region and the circuit acts as a local oscillator (LO). If 
the incoming carrier frequency is close enough to the LO one, injection locking [247,248] 
takes place and the two signals synchronise [249] performing coherent homodyne detec- 
tion [245]. At the same time, the incoming signal is demodulated through the non-linear 
mixing properties of the NDR region [121], where the RTD acts as a self-oscillating mixer 
[246]. Since the RTD works, at the same time, as a LO and radio frequency (RF) mixer, 
this approach allows to realise ultra-compact and high-sensitivity receiver chips. The prin- 
ciple of operation of the RTD coherent detector is illustrated in Figure 2.28. 

The coherent scheme typically provides better performance in comparison with direct 
detection. Indeed, envelope detectors are usually limited by Johnson-Nyquist noise [250], 
which lowers the signal-to-noise ratio (SNR). They rely on the incoming amplitude infor- 
mation of the signal only, which reduces spectral efficiency and sensitivity, limiting trans- 
mission distance or the corresponding bit-rate according to the specific link budget [246]. 
On the other hand, the coherent scheme allows to increase the sensitivity due to the RF 
gain provided by the device NDR and it is able to provide better spectral efficiency, where 
the phase, frequency and polarisation information of the received signal can be retrieved 
through injection locking. Despite all the positive attributes, the use of a coherent RTD 
receiver is still very new and appropriate design methodologies to guarantee injection 
locking and maximise sensitivity need to be developed. 

For completeness, we mention here InP-based RTDs employing triple-barriers, which 
have been used in the design of highly sensitive zero-bias THz detectors [116,251-254]. 
Here, a high degree of freedom is achieved in the design of the asymmetry associated to the 
first non-linear PDR region. These triple barrier RTDs have also been designed for both 
high-power sources [255,256], typically featuring large PVCR due to thermionic current 
reduction but limited peak current density. The interested reader can refer to the provided 
reference, and references therein. 
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Figure 2.28 Operation principle of an RTD coherent detector (reprinted from [245] with permission). 


2.5 RTD-based THz Wireless Communication 
2.5.1 Overview 


THz RTD wireless transmitters employ amplitude (direct) modulation schemes, such as 
amplitude shift keying (ASK) [121,257] and on-off keying (OOK) [129] and they transmit 
data over single-channel links, where the RF power is modulated through the DC bias 
line [258-260]. Recently, multi-channel wireless data transmission employing polarisation 
and frequency-division multiplexing (PDM/FDM) schemes have also been reported [261]. 
The links are mainly line of sight and so accurate alignment between the transmitter and 
receiver is important. Specifically, the antenna must be aligned in the correct way so that 
the polarisation of transmitted and received signal is the same at both antennas. 

An RTD oscillator is usually employed as the transmitter. Both ASK and OOK modula- 
tion are applicable to the RTD transmitter depending on the bias level and the amplitude 
of data as illustrated in Figure 2.29. ASK modulation has been widely used because of 
the advantages of being a simple, low-cost, high-bandwidth and high-efficiency technique 
[262]. OOK as a special case of ASK represents the data modulation by switching on and 
off the carrier. For OOK modulation, the RTD is biased near the peak voltage (V,) pos- 
ition for input NRZ (non-return to zero) data to switch on-off the oscillator while for ASK 
modulation, RTD device is biased in the middle of NDR region. In contrast of OOK, the 
data amplitude requirement for ASK is low within NDR region as illustrated in Figure 2.29. 


2.5.2 Wireless System Architecture 


The block diagram of the wireless system is illustrated in Figure 2.30. The transmitter (Tx) 
consists of a fundamental frequency voltage controlled RTD oscillator (RTD-VCO) and 
an external antenna or integrated on-chip antenna mounted on a hemispherical Si lens. 
The data is superimposed over DC bias through a bias tee. Power amplifiers are not avail- 
able at THz and therefore none is employed in this stage. On the receiver (Rx) side, a 
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Figure. 2.29 Typical RTD device IV characteristics and illustration of ASK /OOK modulation [212]. 
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Figure 2.30 Block diagram of the wireless system architecture [212]. 


receive antenna, which may be external or integrated, is used. The received signal is 
demodulated using either a square-law-based direct detection approach using a Schottky 
barrier diode (SBD) or RTD direct detector, or a coherent scheme where the RTD device 
acts as a self-oscillating mixer and performs homodyne detection. The received signal is 
amplified by an LNA. 

Table 2.7 summarises some of the recent wireless communication link results reported 
in literature involving RTDs, either as a Tx or Rx or both. The longest link distances of 
50 cm [212] and 150 cm [263] feature transmitter oscillators operating under 0.1 THz. 
For higher frequency transmitters, all link distances are under 30 cm. There is a clear cor- 
relation between the link distance and the transmitter power, in the mW range for the sub- 
100 GHz transmitters and uW range for the higher frequencies. Data rates from around 
10 to 60 Gb/s have been demonstrated. An all RTD Tx and Rx enabled error-free 30 Gb/ 
s transmission over a 7 cm link [121]. 


2.5.3 THz RTD Transmitters 


Here, we describe some to the wireless transmission experiments in detail, the first in 
which a 490 GHz oscillator was used as the transmitter [257]. Direct modulation was 
carried out by superimposing a modulation signal onto the bias voltage through ASK. The 
experimental setup is shown in Figure 2.31, where a pulse pattern generator (PPG) was 
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Table 2.7 THz RTD wireless communications links 


RTD Distance Date rate 
Ref. Technology Tx Rx fsc [GHz] Modulation [cm] [Gb/s] BER 
[257] InP RTD SBD 490 ASK 20-30 22 Error free 
[257] InP RTD SBD 490 ASK 20-30 34 1.9 x10? 
[264] InP RTD SBD 650 ASK 20-30 25 Error free 
[264] InP RTD SBD 650 ASK 20-30 44 5 x104 
[263] InP RTD SBD 62.5 OOK 30 10 Error free 
[263] InP RTD SBD 62.5 OOK 150 15 10° 
[265] InP UTC-PD RTD 297 OOK 3 17 Error free 
[245] InP UTC-PD RTD 322 OOK 2 27 Error free 
[245] InP UTC-PD RTD 322 OOK 2 32 2.7 x10? 
[243] InP UTC-PD RTD 350 OOK 3 32 Error free 
[243] InP UTC-PD RTD 350 OOK 3 36 9 x10? 
[266] InP RTD RTD 286 OOK 10 9 Error free 
[266] InP RTD RTD 286 OOK 10 12 4 x103 
[129] InP RTD RTD 345 OOK 7:5 13 Error free 
[129] InP RTD RTD 345 OOK 7.5 20 2.1 x10%3 
[121] InP RTD RTD 343 ASK 7 30 Error free 
[121] InP RTD RTD 343 ASK 7 56 1.39 x 10° 
[214] InP RTD SBD 500 ASK 20 56 2.3 x10“ 
[244] InP UTC-PD RTD 324 16-QAM | 60 2 x103 
[212] InP RTD SBD 84 ASK 50 15 4.1 x103 
[119] InP RTD SBD 260 ASK | 13 - 


Note:They all use a RTD either as a transmitter (Tx), receiver (Rx) or both as a Tx and Rx. Some links employ the 
UTC-PD as the Tx. 


used to impress digital data over the carrier. The modulated THz signal was then received 
through a horn antenna, demodulated by an SBD direct detector and amplified through an 
LNA. The link distance between the Tx and the Rx was set to 20-30 cm. The demodulated 
signal was measured through an error detector and an oscilloscope. The results are shown 
in Figure 2.32. Clear eye opening and error-free transmission were obtained at a data rate 
of 22 Gb/s, and data rates of up to 34 Gb/s with correctable bit error rate (BER) of 
1.9 x 10°. The rapid increase in BER from 22 to 34 Gb/s was attributed to the limitations 
associated with the system direct modulation bandwidth, which was determined by the 
external components of the circuit around the RTD. In particular, the MIM shunt cap- 
acitor (~0.1 pF) and the parasitic inductance of bonding ribbons used to package the oscil- 
lator, which limited the modulation bandwidth to 15 GHz. 

For multi-channel data transmission, ASK and PDM/FDM schemes have been 
investigated [261]. Figure 2.33 shows a schematic representation of the Tx chip. Four 
RTD oscillators were integrated together: two of them oscillated at 500 GHz and the 
other two at 800 GHz for FDM, while the two oscillators at each of those two frequencies 
had polarisations that were orthogonal to each other realised through the orientations 
of their antennas layouts which were perpendicular to each other. The RTDs epitaxial 
structure and circuit design (employing offset-fed slot antennas) were similar to the in 
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Figure 2.31 Block diagram of the THz wireless data transmission experimental setup employed in Ref. [257] 
(reprinted from [257] with permission). 
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Figure 2.32 (a) The measured bit error rate (BER) as a function of the bit-rate, showing error-free (EF) data 
transmission up to 22 Gb/s and bit rates of up to 34 Gb/s with BER below the FEC limit. (b) The 
corresponding measured eye-diagrams (reprinted from [257] with permission). 


DC bias Differential frequency 
& RF Sig. (500 & 800 GHz) 


Figure 2.33 Schematic representation of the oscillator source circuit layout employed at the Tx side for 
wireless data transmission through FDM and PDM (reprinted from [261] with permission). 
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Figure 2.26. Data rates of up to 56 Gbps (28 Gbps per channel) were obtained using FDM 
in the 500 and 800 GHz channels with BERs of 2.3 x 10 and 1.5 x 10°, respectively, 
and through PDM at 500 GHz with BERs of 1.5 x 103 and 1.4 x 104 for the vertical and 
horizontal polarisation channels, respectively. 


2.5.4 THz RTD Receivers 


As already described, THz RTD receivers can be based on both the direct and coherent 
detection approach. An example of an RTD-based 300 GHz-band receiver (Rx) was 
reported in [243]. The detector was integrated with a Si-based photonic crystal waveguide 
platform [267] and had a measured responsivity around 4 kV/W. Figure 2.34a shows a 
photograph of the Rx module showing the metal-based tapered-slot mode converter and 
the photonic crystal waveguide. This approach has the advantage of integrating micron- 
scale electronic devices and photonic components on the same planar substrate, and 
therefore omitting bulky optics and realising ultra-high compact THz systems needed for 
practical applications. 

Figure 2.34b shows the wireless experimental setup. The transmitter was a UTC-PD 
based source providing a carrier frequency of 350 GHz modulated through OOK. 
Figure 2.35 shows the experimental results, where error-free data transmission up to 32 
Gb/s and data rates of up to 36 Gb/s with BER of 9 x 102. Using a similar setup with a 16 
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Figure 2.34 The 300 GHz-band wireless communication link employing a RTD direct detector. (a) A photo- 
graph of the RTD-based Rx module with a zoom in of the RTD integrated with a Si-based 
photonic crystal waveguide through a tapered-slot mode coupler. (b) The wireless experimental 
setup used to transmit a high-resolution 4k video employing a UTC-PD Tx and the RTD direct 
Rx (reprinted from [243] with permission). 
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Figure 2.35 (a) The BER as a function of the data-rate. (b) The eye diagram at 32 Gb/s. Error free commu- 


nication and a clear eye opening were achieved up to 32 Gb/s, while bit rates of up to 36 Gb/s 
were obtained with BER < FEC limit (reprinted from [243] with permission). 
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Figure 2.36 Photographs of the 300 GHz-band RTD coherent Rx module and a zoom of the RTD oscillator 
chip (reprinted from [245] with permission). 


constellation points-quadrature amplitude modulation (16-QAM), record date rates of up 
to 60 Gb/s with BER = 2 x 10” over a 10 mm long wireless link was demonstrated [244]. 

For an RTD coherent detector, a coplanar stripline (CPS) was used to realise the res- 
onator of the oscillator circuit and to connect the RTD device to a bow-tie antenna as 
shown in Figure 2.36 [243,265]. The Rx chip was then mounted onto a Si lens to increase 
the antenna gain. The experimental wireless communication setup was similar to that 
shown in Figure 2.34b. The link distance was set to 2 cm, while an oscilloscope and an 
error detector were used to measure the demodulated signal. Error-free single-channel 
data transmission of up to 27 Gb/s and data rates of up to 32 Gb/s with BER of =10:* were 
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reported [245], with a sensitivity enhancement of around 10 dB with respect to the direct 
detection counterpart. 


2.5.5 All-RTD THz Transceivers 


All-RTD-based THz transceivers were reported in Refs. [121,129,266,268]. In these 
systems, a RTD was employed at both the Tx and Rx sides by exploiting both the direct 
[129,266,268] as well as the coherent detection scheme [121]. In the setup using the 
coherent detector described in Ref. [121], error-free ASK data transmission up to 30 Gb/ 
s and data-rates of up to 56 Gb/s with BER of 1.39 x 10° were reported in the 300 GHz- 
band over a link distance of 7 cm. A sensitivity enhancement of up to 40 dB with respect to 
the direct detection approach was observed. The measured BER versus data rate is shown 
in Figure 2.37. 

Using a direct RTD detectors, error free single-channel OOK wireless data transmission 
up to 9 Gb/s and data rates of up to 12 Gb/s with BER of ~10~ was reported in the 300 
GHz-band over a distance of 10 cm [266]. Using this setup, real-time error free transmission 
of an uncompressed high-resolution 4k video was demonstrated at a data rate of 6 Gb/s. 

In the setup described in Ref. [268], data in the optical domain was converted into an 
electrical signal and used to modulate the RTD. In this work, OOK data was modulated 
using an intensity modulator and after passing through a 1 km long fibre, it was converted 
to an electrical signal using a photodiode. The output was added to a DC biasing voltage 
using a bias-T and the resultant signal modulated the RTD. Using multi-chip code division 
multiple access (CDMA), data rates of up to 13 Gb/s error-free and of up to 20 Gb/s with 
BER of 2.1 x 10 are possible to be transmitted. 


2.6 Challenges and Future Perspectives 


The development of THz transmitter and receiver systems based on compact solid-state 
electronic devices is urgently required to meet the data rate and bandwidth requirements 
of 5G and futures systems. Figure 2.38 shows the state-of-the-art THz wireless 
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Figure 2.37 Measured BER versus data-rate for the wireless data transmission experiment employing an 
all-RTD TRx and a direct detection approach.A clear eye opening and EF transmission up to 30 
Gbps were reported, while bit rates of up to 56 Gb/s were achieved with BER below the FEC 
limit (reprinted from [121] with permission). 
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Figure 2.38 The state-of-the-art THz wireless technologies with data rates of up to 100 Gb/s. SiGe: silicon 
germanium, CMOS: Complementary metal-oxide-semiconductor (silicon), TWTA: Travelling 
wave tube amplifier, RTD: Resonant tunnelling diode. 


technologies with data rates of up to 100 Gb/s. This has been achieved by several nodes 
(II-V, Si, SiGe, ...); however, the link distance is still very limited to under 10 m, with the 
longer ranges largely enabled by extremely high-gain antennas (>50 dBi) and coherent 
detectors. It is clear that we must increase the link distance to realise practical THz 
wireless communications [7,269]. This means that we must significantly improve the per- 
formance of the compact semiconductor solutions. In addition, most of these systems use 
complex signalling (QPSK, QAM) so far. While featuring high spectral density, signal 
processing and synchronisation is mandatory, which makes it further challenging for 
QAM-16 and higher, and therefore the designed systems are energy-hungry, especially at 
the receiver side. 

RTD technology seems to offer the simplest and highest performance technology option 
for THz transceivers. The main weakness of the RTD technology is represented by the low 
RF output power of the sources. As discussed throughout this chapter, the main reasons 
for this include underdeveloped device and circuit design techniques, including epitaxial 
designs, circuit implementation approaches, and lack of effective design techniques for 
arrays of RTD oscillators. 

Current research trends suggest that increasing the output power of THz RTDs is feas- 
ible and would enable to development of compact RTD THz ultra-high-speed wireless 
transceivers [270]. Individual THz RTD sources with mW output powers would facili- 
tate the use of pulse amplitude modulation (PAM) signalling. Such an approach would 
offer a way to dramatically reduce the receiver complexity, as no carrier synchronisation 
is required. In that case, the total energy per bit will be far improved and will make the 
system more energy efficient. We are aware of unpublished but promising research efforts 
in this direction. 

Even though arrays of RTD oscillators have been reported, they have fallen short of 
delivering the expected high output power. Output powers of up to 0.61 mW at 620 
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GHz, 0.27 mW at 770 GHz and 0.18 mW at 810 GHz were reported by employing a 
two-element frequency locked oscillator array for CW coherent emission [214]. Most 
realisation are, however, unsynchronised, for instance, a 16-element and a 64-element 
arrays provided output powers of up to 28 uW at fundamental frequencies of 290 
GHz and up to 650 GHz, respectively [271-273]. Here, each array element, consisting 
in a single oscillator, was coupled to the other elements and radiated independently. 
Power combining was based on the spatial interference of the corresponding radiation 
pattern. Earlier efforts in this regard included quasi-optical resonators for oscillators 
stabilisation [274-276] and for power combining [277]. And recently, pulsed emission 
with RF powers of up to 0.73 mW at around 1 THz was reported by employing an 
unsynchronised 89-element large-scale array [215], but output powers have remained 
below the 1 mW level. 

It remains a challenge to achieve mutual coupling with large-scale arrays. Spatial power 
combining in any desired direction is difficulty to realise by acting on the array geometry 
without compromising mutual locking between the oscillator elements [207]. Thus, new 
approaches for this challenge are required. 

At the device level, accurate characterisation and modelling of the RTD, especially of 
the key NDR region, is still non-trivial due to device instability. It would be advantageous 
to develop robust characterisation techniques that enable the development of a complete 
non-linear model [201]. A calibrated physics based numerical modelling approach may 
also be useful in this regard. The availability of such a model would enable the full non- 
linear dynamic analysis of the device in its entire operation frequency range [116]. 

And at the circuit level, despite the low DC power consumption (typically of the order 
of tens/few hundreds of mW [120,218], with values as low as of hundreds of uW have 
also been reported [278]), which makes RTDs low-power devices, the DC-to-RF conver- 
sion efficiency of RTD oscillators is typically below 1% [120,218,278]. Recently, however, 
improved circuit implementation has led to high efficiencies of up to 10% for mm-wave 
RTD oscillators [279]. This and similar approaches need to be adopted for THz RTD 
oscillators. 

Clearly, a seamless interface between wireless transceivers and the optical fibre back- 
bone is important. In this regard, the idea of radio-over-fibre optoelectronic transducers 
based on RTDs has also been considered [280-285], with, for instance, optical direct 
intensity modulation of a RTD photodetector optoelectronic oscillator at 79 GHz has 
been reported [286]. Also, as noted in the previous section, such an interface via a high- 
speed photodiode for conversion of the optical signal into an electrical one, has also been 
demonstrated [268]. This approach used discrete components but a monolithic integration 
of the RTD Tx and photodiode seems feasible. 

A further challenge to the RTD technology is created by the fact that it is realised on 
high permittivity InP substrate. On-chip antennas have low gain, typically under 6 dBi, 
and the radiation is directed into the substrate as dictated by the physics of the system. 
Therefore, the semiconductor dies are usually mounted on hemispherical lenses to colli- 
mate and focus the radiation, but these are bulky and this is a cumbersome procedure. 
As such, efforts to design sources with airside or upward radiation from the chips are 
underway. In this regard, a radial line slot antenna array for upward emission has recently 
been reported [224], though further innovations to this challenge are needed. 
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There is also the requirement on good alignment between Tx and Rx for THz wireless 
links which is not easy to meet. To simplify this task, RTD oscillators with circularly 
polarised radiation are being developed. The circularly polarised radiation from the radial 
slot antenna array [224] is one such an option. This approach would benefit from higher 
power sources than currently available. 

The coherent scheme, moreover, has the potential for multi-channel division 
multiplexing, longer transmission distances and higher bit rates [246]. Moreover, duplex 
capability is, in principle, feasible upon specific circuit design since the same oscillator is 
employed at both the transmitter and receiver front ends [246]. 

Even though today THz RTDs are dominated by those based on InP, the future may 
belong to antimonide based RTDs. Beyond about 300 GHz, the advantages of semi- 
insulating high-permittivity substrates such InP become less important and often we need 
to isolate the substrate from the THz circuitry [120,217]. In earlier efforts, antimonide 
RTDs were grown on either GaAs or GaSb substrates and so suffered from poor material 
quality due to the lattice mismatch between the substrates and the device epitaxial layers. 
At THz, there is no apparent need for such substrates since we can electrically isolate them 
from the passive THz circuitry and so growth on the conductive but lattice matched InAs 
substrates of high-quality InAs/AlSb RTDs can be undertaken. These RTDs may underpin 
future THz transceivers. 

Besides wireless communications, it is important to mention that THz RTD 
oscillators are also being developed for other applications such as compact imaging 
systems [287], spectroscopy [288], radar [289-295,296,297] and even high-speed 
brain-inspired optical memories and neuromorphic systems [298]. It would therefore 
seem that it is just a question of time before we see RTD technology embedded in 
practical applications. 
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Appendix A 


Table 2.8 Epitaxial structure details of THz RTDs — Part | 


Ref. Emitter Spacer Barrier Well Barrier Spacer Collector 
[213] Gag4zlno53;As Gag 47/Ng53As AlAs Gag lnogAs AlAs Gag47!No53As Gag47lno53As 
400 nm 2nm I2nm 4.5 nm l.2nm 25 nm 15 nm 

2 x 10!? cm3 undoped undoped undoped undoped undoped 2 x 10'? cm? 

GaoszlNossAs Gay 3In7As 
20 nm 8nm 
3 x 10'8 cm3 2 x 10" cm3 
Gap 4glNo 5;AS 
2.5 nm 
3 x 10'8 cm3 
Gag silNopAs 
2.5 nm 
3 x 10'8 cm3 

[122] GaoazlnossAs Gag 79/No.53Alo;gAs AlAs Gay InosAs AlAs Gag 47/No53As Gag47lng53As 
400 nm 2 nm | nm 2.5 nm | nm 12 nm 15 nm 
5 x 10!? cm? undoped undoped undoped undoped undoped 5 x 10!? cm? 
Galny s,AlAs GalnAs 
15 nm (graded) 9nm 

(graded) 

5 x 10! cm? 5 x 10! cm? 
Gap 29M 53Alo.igAs 
20 nm 
3 x 10!8 cm? 

[117] Gag 47lngs53;As Gag 9lNo53Alo AS AlAs Ga, InoyAs AlAs Gao 47INos3As Gag47lnos3;As 
400 nm 2nm Inm 2.5 nm I nm 12 nm 15 nm 
5 x 10'? cm? undoped undoped undoped undoped undoped 5 x 10! cm? 
Galngs3AlAs GalnAs 
15 nm (graded) 9nm 
5 x 10" cm3 (graded) 

5 x 10" cm 

Gap. 29M 53Alo.igAs 
20 nm 
3 x 10'8 cm3 

[214] Gag 47lnos53;As Gao 47lNo53As AlAs Gay,|nggAs AlAs Gao 47INos3As Gag47lnos3;As 
400 nm 2 nm undoped 2 nm 4.5 nm 1.2nm 25 nm 15 nm 


2 x 10! cm? 


Gap 47lNo53As 
20 nm 
3 x 10'8 cm3 


Gag 4glNg5,As 
2.5 nm 
3 x 10!8 cm? 
Gag5)INo.49As 
2.5 nm 


3 x 10!8 cm? 


undoped undoped 


undoped undoped 


2 x 10! cm? 


Gag 3Ino7As 
8 nm 
2 x 10! cm3 


(continued) 


70 Next Generation Wireless THz Networks 


Table 2.8 Cont. 


Ref. Emitter Spacer Barrier Well Barrier Spacer Collector 
[215] Gag 47lnos53;As Gap 47lNo 53As AlAs Ga,,|nogAs AlAs Gag 47lNos3As Gag47lnos3;As 
400 nm 2nm 1.2nm 4.5 nm 1.2nm 25 nm 15 nm 
2 x 10! cm? undoped undoped undoped undoped undoped 2 x 10! cm? 

GaoszlNossAs GaoslnozAs 
20 nm 8nm 


3 x 10'8 cm3 


Gag 4glNos;As 
2.5 nm 
3 x 10'8 cm3 


GaosinopAs 
2.5 nm 
3 x 10'8 cm3 


2 x 10! cm? 


Note: The emitter/collector/spacer layers doping is n-type everywhere and made with silicon (Si) donors. 


Table 2.9 Epitaxial structure details of THz RTDs — Part 2 


Ref. Emitter Spacer Well Barrier Spacer Collector 
[120] Gap 47lno53As Gag azlnossAs GasazlnossAs AlAs Gag 47lNgs3AS Gag47lno53As 
400 nm 2.5 nm 4.5 nm l.4nm  1.5nm 160 nm 
3x 10!?cm? 2x 10! cm undoped undoped undoped 2 x 1018 cm? 
Al0.481n0.52As Gag 47lnos53;As Gag 47lNos3As Gag47lnos3As 
10 nm 1.5 nm 25 nm 40 nm 
3 x 10'? cm? undoped 2 x 10! cm? 3 x 10!? cm? 
[212] GaoazlnossAs Gag47|nos3As GaoazlnossAs AlAs Gagazlnos3As Gag47lNos3As 
400 nm 2.6 nm 4.5 nm l.4nm  1.5nm 160 nm 
3x 10!?cm? 2x 10! em undoped undoped undoped 2 x 1018 cm? 
Alo 4elno s>As Ga0.47In Gag 47IN 953AS Gao47lnos3As 
10 nm 0.53As 25nm 40 nm 
3x 10% cm> 1.5 nm 2 x 10! cm? 3 x 10!? em? 
undoped 
[216] Gag 47lnos3As Gag 47/No53As Gas 47lnos3As AlAs Gag47lNos3As Gag,4lno, As* 
— 3 nm 1.9 nm l4nm 3nm 30 nm 
4x10! cm? undoped undoped undoped undoped 6 x 10! cm? 
InAs Gag ln 9.53As 
2 nm 100 nm 
undoped 2 x 10" cm? 
Gaga7ln ossAs 
1.9 nm 
undoped 
[217] GalnAs GalnAs GalnAs AlAs GalnAs GalnAs 
500 nm | nm | nm 12nm [nm 20 nm 
- undoped undoped undoped undoped - 
GalnAs InAs GalnAs 
60 nm | nm 20 nm 


undoped 
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Table 2.9 Cont. 


Ref. Emitter Spacer Barrier Well Barrier Spacer Collector 
GalnAs 
| nm 
undoped 
[218] GalnAs GalnAs AlAs GalnAs AlAs GalnAs GalnAs 
500 nm | nm 1.2nm Inm 1.2nm Inm 20 nm 
- undoped undoped undoped undoped undoped - 
GalnAs InAs GalnAs 
60 nm | nm 20 nm 
- undoped - 
GalnAs 
| nm 
undoped 
[219] GaN GaN AIN GaN AIN GaN GaN 
100 nm 10 nm 2 nm 1.75 nm 2 nm 6 nm 100 nm 
I x 10'? cm? undoped undoped undoped undoped undoped | x 0em? 
[194] GaAs GaAs AlAs GaAs AlAs GaAs GaAs 
200 nm (graded) 100 nm I.I nm 4.5 nm I.I nm 6nm 50 nm (graded) 
2 x 10!8cm-3 2x 10! cm? undoped undoped undoped undoped 2 x 1018 cm-3 
[166] InAs InAs AlSb InAs AlSb InAs InAs 
| um 75 nm 1.5 nm 64nm l.5nm 20nm 100 nm 
5x 10'®cm? 2x 10!/cm? undoped undoped undoped 2 x 10!§ cm? 2 x 10!8 cm? 
InAs 
200 nm 


2 x 10'8 cm? 


Note:The emitter/collector/spacer layers doping is n-type everywhere and made with silicon (Si) donors (*tin (Sn) 
atoms were used for the collector layer in Ref. [216]. 
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3.1 Introduction 


This chapter presents an overview of main characterisation techniques for emitter (trans- 
mitter) and detector (receiver) devices used in THz wireless links. As such, it is focused on 
devices operating in free space, an on optical (free space) measurement techniques and 
instrumentation. 

As the demand for wireless bandwidth escalated over the last decade, the terahertz 
(THz) frequency range has attracted a growing interest for the next generation of wireless 
communications [1-5]. To date the majority of effort in developing devices and components 
for the physical layer has been primarily concerned with frequencies between 100 and 500 
GHz [2]. The measurement methods and instruments surveyed in this chapter are particu- 
larly suited to such devices, and in all cases are applicable to frequencies up to 1.5 THz. 

Device characterisation is important and necessary for two reasons. First, accurate and 
detailed knowledge of device performance is essential in order to be able to design, simu- 
late and build well-functioning wireless links, and to deploy them effectively. 
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Second, the ability to specify device performance in accordance with a standardised 
methodology makes it possible to compare devices reliably. This sets benchmarks for 
device development and optimisation. It also makes it possible to select the most suitable 
components from different manufacturers. 

THz technologies, including THz wireless communications, are currently transitioning 
from academic research to industrial roll-out, with widespread uptake being envisaged 
in the course of the next decade. Robust metrological underpinning [6] is necessary to 
support both research and development (R&D) and industrial uptake. As the telecom 
industry prepares for 6G and beyond, both equipment manufacturers and network oper- 
ator end-users demand component performance standards and calibration services. 

Standardisation bodies are at work on developing standards for THz wireless links and 
components; and regulatory bodies require such standards be in place before granting 
approval. The ultimate goal is to establish a robust framework of metrological trace- 
ability and calibration services, and to equip all users for reliable implementation of basic 
required device characterisation measurements. 


3.2 Metrology Definitions and Parameters 


In order to quantify system performance, it is necessary to define the performance 
parameters and to determine their values and the uncertainties in those values [6-8]. 
Metrological performance parameters include sensitivity and resolution, precision and 
accuracy, dynamic range (DR) and signal-to-noise ratio (SNR). 

Sensitivity and resolution are related, in that sensitivity refers to the minimum meas- 
urable value, whereas resolution refers to the minimum measurable difference between 
two values. Precision is the numerical value of measurement reproducibility. These three 
quantities — sensitivity, resolution and precision — define the measurement uncertainty. 

Experimental values are determined with associated uncertainty, as X+Ax, where x 
represents the mean value 


_ 1 N 
X = atl (3.1) 


and Ax is the measurement uncertainty given by the standard deviation of the measured 
value x, calculated as: 


where N is the number of measurements. 

This is so-called Type A uncertainty, derived directly from the measured data. If the 
distribution of measured values is normal (Gaussian), then 68.2% of data points will lie 
in the range x+Ax. Type B uncertainty applies to derived values and is calculated using 
standard methods of error propagation from known uncertainties in the data and system 
operation [8]. 

In some types of measurement, it is also customary to define the ‘noise floor’, which is 
the standard deviation when the mean signal equals zero, that is, NF =(x = 0). 
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Figure 3.1 Schematic depiction of metrological performance parameters: sensitivity, noise floor, resolution, 
precision and accuracy. Top: sequentially measured data points. Bottom: data distribution. 


Sensitivity, or the minimum measurable value, can be understood as being roughly equal 
to twice the noise floor, or twice the uncertainty for a small signal (Figure 3.1a). Similarly, 
resolution, as the minimum measurable difference between two values, is roughly equal to 
twice the uncertainty of those values (Figure 3.1b). 

Precision is the reproducibility of the measurement, and as such can also be interpreted 
as being represented by the uncertainty (Figure 3.1c). That is because reproducibility can 
be viewed as the probability that a given data point will lie within one standard deviation 
(i.e. uncertainty) of the mean value, which can be calculated for any distribution of the 
measured data. 

Sensitivity, resolution and precision are all determined internally to the experimental 
system, by performing repeated measurements and analysing the data to determine its 
mean, standard deviation and form of distribution. 

In contrast, accuracy is evaluated by reference to an externally known quantity. Accuracy 
is defined as the difference between the ‘true’ value and the value measured by the experi- 
mental system. As such, it must be determined by calibrating the system against a known 
standard or calibration artefact (Figure 3.1c). 

For a measurement to be considered correct it is necessary that the measured and true 
values ‘agree within error’; in other words, that the true value lie within one standard 
deviation of the mean data, that is, Xmeas — O < Xuue < Xmeas + O. This requires that accuracy 
have a lower value than precision (i.e. accuracy must be encompassed within precision, as 
seen in Figure 3.1c). 

The DR and SNR of a system are also defined internally to the system, based on the ana- 
lysis of the measured data. However, unlike the parameters discussed above, DR and SNR 
are generally used to refer to the directly measured signal, and not to any derived quantities. 
DR is the ratio of the maximum absolute value of the measurable signal to the noise floor: 


ae 
NF 


DR = (3.3) 
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whereas SNR is the ratio of the absolute mean signal to its uncertainty: 


SNR = Fl (3.4) 
X 


SNR and DR reflect different and complementary aspects of the system performance. 
SNR indicates the minimum detectable signal change, and therefore is related to sensi- 
tivity and resolution. DR describes the maximum quantifiable signal change and indicates 
the range of values that can be measured by the system. Clearly, DR must always be sig- 
nificantly larger than SNR for meaningful measurement to be possible; preferably DR > 
10 SNR. 


3.3 Emitter Frequency and Spectrum 


Time and frequency standards are some of the most important internationally agreed 
standards, underpinning essential areas of everyday life such as communications, com- 
puting, the internet, global positioning and navigation, time-stamping of financial 
transactions and many more. Accurate and precise knowledge of frequency is also essen- 
tial for all types of telecommunication links. Time and frequency are of course inter- 
changeable, being reciprocal quantities. Many frequency standards exist in different areas 
of technology and in all frequency ranges. All, however, are ultimately traceable to the 
International Atomic Time Standard based on atomic clocks [9,10]. Currently, the preci- 
sion of these clocks is of the order of 10-1* [11], making time one of the highest-precision 
quantities measurable by human endeavour. 


3.3.1 Heterodyne Frequency Measurements 


Frequency standards in the form of high-precision oscillators also underpin frequency 
measurements of THz emitters. Heterodyne detection has long been established as the 
most widely used, accurate, high-resolution, high-precision, traceably calibrated technique 
for measuring signal frequencies and spectral profiles. It is employed across the whole of 
the electromagnetic spectrum, from the optical [12] down to millimetre-wave [13] and RF. 

Heterodyne measurements use a local oscillator (LO) of a known frequency, amplitude 
and phase. The LO signal is fed together with the source signal into a ‘mixer’, which is 
a non-linear device whose output is proportional to the product of the two input signals 
(see Figure 3.2): 


1. | BI 
E; cos Mgt x Eio COS @ ot = EsE,o - sin (6 — 0o)t 5 sin( 6; + oo): (3.5) 


where Es and w; respectively are the amplitude and angular frequency of the source, and 
Eio and @, are those of the LO. The LO frequency is chosen such that (o; — @,5) « @s. 
The difference-frequency signal EE, o sin( 6; — o )t is then easily detected and analysed 
using low-frequency circuits (whereas the sum-difference signal generally lies outside 
the detector bandwidth). An IF spectrum analyser is commonly used, whose readout is 
produced as E; (@s). 
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Figure 3.2 Schematic depiction of heterodyne measurement. 
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Figure 3.3 Frequency of a resonant tunnelling diode measured using the heterodyne technique. Courtesy 
of Abdullah Al-Khalidi, University of Glasgow, UK [14]. 


An example of heterodyne measurement is presented in Figure 3.3, which shows the 
emission spectrum of a resonant tunnelling diode (RTD) [14]. The linewidth of the fre- 
quency peak reflects the coherence length (L.) of the source, which can be calculated 
from: 


2ln2 c 
E; =, aa: (3.6) 


where c is the speed of light and Af is the FWHM linewidth of the source (full width at 
half-maximum). The coherence length therefore increases inversely with the linewidth. In 
communication transmitters long coherence length helps reduce the BER. For the RTD 
shown in Figure 3.3, the centre frequency is 307.597 GHz and the coherence length is 100 
m. It is therefore highly coherent. 
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Figure 3.4 The effect of phase noise on the source lineshape (model data). 


In measuring the emitter linewidth, it is important to take into account the frequency 
resolution of the spectrum analyser and the shape factor of its filters, both of which may 
broaden the observed signal linewidth. 

The broader lineshape or spectral profile of the signal, and especially its low wings, 
indicates the phase noise of the source [15]. Phase noise is measured as the noise power 
relative to the signal, and varies with the frequency offset from the peak centre. It 
is typically symmetric around the signal peak, and its major component is 1/f noise. 
Figure 3.4 depicts the effect of phase noise using model data: it increases the linewidth 
and reduces the coherence length. In communication transmitters phase noise is highly 
detrimental, as it increases the BER. The RTD depicted in Figure 3.3 is seen to have a 
low phase noise. 

The techniques and metrological aspects of heterodyne signal analysis are well under- 
stood, and the instrumentation industry provides a wide variety of well-characterised and 
traceably calibrated instruments, including vector network analysers VNAs and signal (or 
spectrum) analysers. In heterodyne measurements of THz sources the main technological 
challenges are: (i) a THz frequency LO and (ii) a mixer device operating adequately at THz 
frequencies. A state of the art spectrum analyser can measure frequencies up to 1.5 THz 
with the accuracy of around 107 [16]. 


3.3.2 Interferometric Spectral Measurements 


The centre frequencies and linewidths of narrow-band THz emitters, such as those 
used for THz wireless links, can thus be measured with great accuracy and resolution 
by heterodyne-based techniques and instruments. However, these are unsuitable for 
characterising the spectra of sources that produce extended frequency features such as 
side-lobes or harmonics, or have a broad spectral profile. In such cases, the full-source 
spectrum can be measured by employing a broadband optical interferometer. 

Although there are several commonly used interferometer designs, they all employ the 
same basic principle of homodyne detection, which may also be termed autocorrelation or 
self-interference. As its name suggests, in contrast to heterodyne, homodyne does not 
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Figure 3.5 A schematic depiction of operation of a Michelson interferometer with a narrow-frequency 
source. 


employ an external LO. Instead, the source signal is split into two parts which are made 
to interfere, while one of them is phase-shifted relative to the other. 

Figure 3.5 depicts the operation of a Michelson interferometer, which is the simplest 
type of interferometric design. The beam from the source to be analysed is split into two 
parts and directed to two mirrors, one of which is fixed while the other is moveable. 
The reflected beams are then recombined and interfere on a detector. Translation of 
the moveable mirror introduces a variable phase difference in one of the beams, and a 
corresponding interference pattern on the detector. The source spectrum is calculated from 
the interferogram by applying Fourier transform. An ideal narrow-frequency source will 
produce a pure sinusoidal interference pattern as a function of mirror displacement d: 


1 1 
— Es cos şt + — E,cos (ws + Ws 2) = E; cos( a “jcos| os + Ws 2) (3.7) 
2 2 G c c 


A type of interferometer that is particularly suited for spectroscopy at THz frequen- 
cies is a Michelson interferometer with a lamellar mirror, shown in Figure 3.6, where 
a split mirror acts as both a beam-splitter and a moveable mirror [17], thus avoiding 
the need for a transmission beam-splitter which is problematic at THz frequencies. The 
lamellar mirror consists of two parts, each comprising several lamellae or ‘fingers’, with 
one part being fixed and the other moveable. The operational bandwidth of the inter- 
ferometer is determined by the number (N) and height (4) of the lamellae. The ratio of 
maximum to minimum frequency is roughly equal to the number of lamellae in each half 
of the mirror: fna fmin= N. The minimum frequency is set by the lamellae height: f,,;,>2c/h. 
However, the fall-off at both high and low band edges is shallow, allowing operation over 
a much larger range, albeit with reduced contrast. However, it should be noted that in 
practice the bandwidth of an interferometer is often limited by the power of the emitter 
and the sensitivity of the detector, together with the requirement to maintain sufficient 
SNR for a valid measurement. 

The frequency resolution of a Michelson interferometer is determined by the scanning 
length of the moveable mirror D, and is given by Af=c/2D, where the factor 2 arises due 
to double-pass. Typical achievable resolutions are of the order of 1 GHz, which is much 
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Figure 3.6 Schematic drawing of a lamellar interferometer and a split mirror. 
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Figure 3.7 (a) Lamellar interferometer signal from a PIN diode emitter at nominal 150 and 300 GHz. 
(b) Calculated emitter spectra. 


coarser than that of a signal analyser. Unlike heterodyne-based instruments, interferometers 
do not employ a LO; therefore careful attention must be given to their testing and 
calibration. 

Figure 3.7 shows the interferograms and spectra of a PIN diode source operating at the 
nominal frequencies of 150 and 300 GHz. The instrument used for these measurements 
had a mirror with 10 lamellae in each half, with a height of 5 mm. The reduced ampli- 
tude at 300 GHz is due to lower emitter power. A significant shoulder is seen on the low- 
frequency side of the 150 GHz spectrum. 

A lamellar interferometer has an additional advantage in that it can be used to deter- 
mine the spectral performance of both emitters and detectors. To characterise an emitter, 
a calibrated power detector is required, having a flat response over the bandwidth of 
interest. Conversely, to characterise a detector, a calibrated broadband source with a 
known spectrum is necessary. 

In order to fully characterise a THz emitter, its spectrum must be measured using both 
a narrow-band heterodyne signal analyser and a broadband optical interferometer. Of 
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particular importance is the possible presence of features outside the fundamental oscil- 
lation line, such as harmonics and side-lobes, and their dependence on the operating 
conditions. 


3.4 Emitter Power 


Accurate knowledge of emitter power is essential first and foremost for the design and 
operation of wireless communication links. It is also required for health and safety and 
electromagnetic compatibility (EMC) certification. Beyond that, power measurements 
form the basis of other types of characterisation measurements, such as interferometry 
and beam profiling. However, unlike frequency, high precision is not required for power 
measurements: precision of 103 is sufficient for most purposes. 

All the THz power meters described in this section are thermal devices. In a thermal 
detector, absorbed radiation heats the sensing element and the output signal is pro- 
portional to the temperature change. Since the detector response is determined by the 
absorbed power, it is frequency-independent, and therefore thermal detectors are typic- 
ally highly broadband. However, thermal response is by its nature slow, and therefore 
thermal detectors have slow response times of the order of 10 Hz. In contrast, electronic 
and photonic detectors are fast, with response times ranging from kHz to MHz, but with 
responsivity that is strongly frequency-dependent. As a result, they are generally not suit- 
able for accurate power measurements. 


3.4.1 Types of Power Measurement Devices, Their Operation and Properties 


Calorimeters have long been used for power measurement of RF, microwave and 
millimetre-wave radiation. An isothermal calorimeter has two identical radiation inputs 
terminated with absorbers; radiation is coupled into one of these, while the other is 
electrically heated to maintain identical temperature. The electrically dissipated power 
should then be equal to the absorbed radiation power. The operational frequency range is 
determined by the absorber. Calorimeters can be traceably calibrated, and can have high 
sensitivity and accuracy. The main disadvantage is their slow response time, especially 
for low incident power. Calorimeters measure average input power or continuous-wave 
(unmodulated) power. In recent years, a THz calorimeter has been developed [18] that 
has become a de facto industry standard [19]. Unlike the other THz power meter devices 
described below, which are all free space, the VDI-Erickson calorimeter is waveguide- 
coupled (Figure 3.8). 

Pyroelectric detectors are the most widely used THz detectors / power meters. The 
sensing element is a pyroelectric material: absorbed radiation causes its temperature to 
rise, producing a change in its permanent electric dipole moment, which can be monitored 
in either current or voltage mode. The pyroelectric element is often coated with absorber 
in order to increase responsivity and the frequency range. Because signal is produced by 
temperature changes, only modulated (chopped) power can be detected. For THz and 
sub-THz power meters, the modulation frequency is typically 10-100 Hz. Pyroelectric 
detectors are robust, compact, inexpensive and convenient to use (Figure 3.9). They can 
also be traceably calibrated. In recent years PTB (Physikalisch-Technische Bundesanstalt) 
together with SLT (Sensor und Lasertechnik) have developed a calibrated THz power 
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Figure 3.8 The VDI-Erickson THz power meter PM5B [19]. 


Figure 3.9 Calibrated pyroelectric detectors from SLT [21]. 


meter with spectrally flat response from 0.3 to 10 THz and sensitivity down to ~1 uW 
[20,21]. 

Thermopiles are a series array of thermocouples which use the thermoelectric (Peltier) 
effect to convert a thermal gradient created by the absorption of radiation into an elec- 
trical signal. They have sensitivity approaching that of pyroelectric detectors; the 
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Figure 3.10 A Golay cell detector from Tydex [23]. 


frequency bandwidth is similarly determined by the radiation absorbing layer. They are 
generally larger than pyroelectric detectors, and equally robust. Unlike pyroelectric 
detectors, they produce output signal in response to continuous-wave illumination. The 
main disadvantage is slow response time. Calibrated thermopile detectors are commer- 
cially available [21]. 

The Golay cell is a type of acousto-optic sensor that has had a distinguished history in 
the development of THz measurements [22,23]. THz radiation entering the detector is 
absorbed by a thin metal layer, which then heats the gas in a cell and raises its pressure. 
One wall of the cell is a flexible mirror whose deformation is optically detected, producing 
the readout signal. Golay cells have the highest sensitivities of all room-temperature THz 
detectors (Figure 3.10). However, they are extremely fragile and easily damaged by over- 
exposure to illumination. Note that damage occurs even when the device is switched off; 
therefore it should always be capped with an opaque lid when not in use. Their responsivity 
drops with ageing and exposure to radiation due to the loss of elasticity in the flexible 
mirror; and their response becomes sub-linear at higher power levels. For that reason, they 
also cannot be reliably calibrated. They are slower than pyroelectric detectors; and simi- 
larly detect only modulated power. Because the absorber is a thin metal film, they operate 
over a broad frequency range, 0.1-10 THz. 

Cryogenic bolometers have by far the highest sensitivity of all THz detectors. They 
exploit free-carrier absorption by electrons in a doped semiconductor. Many different 
designs and materials are available. The advantages are high sensitivity, fast response time 
and low noise. The great disadvantage is that these are cryogenic devices, bulky and incon- 
venient, expensive and requiring support facilities. No calibrated bolometers are available; 
they are not suitable for accurate power measurements. 

Table 3.1 summarises the properties of commercially available THz detectors/power 
meters. 
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Table 3.1 Commercially available THz detectors/power meters 


Minimum 
detectable NEP Frequency Modulation 
Detector Type power (WINHz) range (THz) bandwidth Calibrated? Ease of use 
Calorimeter | uW 1078 0.1-3 CW Yes Very slow, robust, 
waveguide-coupled. 
De facto industry standard. 
Pyroelectric | uW 10-%—10-!0 0.1-10 5-200 Hz Yes Robust and compact, 
convenient, inexpensive 
Thermopile 10 uW 10°? 0.1-10 CW - I Hz Yes Slow, robust and compact, 
convenient, inexpensive. 
Golay Cell  <0.luW 10°! 0.1-10 5-50 Hz No Slow, very fragile, 
responsivity drops with age, 
non-linear at higher powers. 
Composite 0.1 nW 10> 0. 1—30 10: Hz No Cryogenic, expensive, large 
bolometer 10-14 and inconvenient; requires 


support facilities. 


3.4.2 Issues in Power Measurements 


In performing THz power measurements, it is necessary to be aware of several measure- 
ment issues relating to detector operation and measurement procedures. 


Detector calibration and linearity. Detector responsivity is provided by the manufacturer 
and should be calibrated using a well-characterised source. Preferably, calibration should 
be traceable to a standard power source, such as a black body [24] (see also Section 3.6). 
Detector responsivity should vary minimally throughout its lifetime. However, it is a good 
practice to check its power calibration at regular intervals, since responsivity may be reduced 
by wear or damage. This is especially the case for Golay cells, whose responsivity tends to 
decline with age. Most power detectors have a highly linear response within their range of 
operation, that is, their output signal is proportional to the incident power. The maximum 
measurable power is usually limited by the saturation level of the amplifier circuit. Golay 
cells are an exception, showing a gradually falling response at higher power levels. 


Spectral responsivity. The responsivity of the power metre may vary with the frequency 
of the incident radiation. All the power detectors described above are activated thermally, 
that is, by the absorbed radiation heating the sensor element. Therefore in principle their 
responsivity can be independent of frequency. However, in all these devices absorption 
of incident radiation is mediated by a special layer whose absorptivity is frequency- 
dependent. Therefore the spectral absorption properties of the radiation absorber in a 
detector are a crucial factor in determining its frequency range and the flatness of its spec- 
tral response. The “THz range’ is commonly defined as encompassing frequencies from 
0.1 to 30 THz, that is, two and half decades. Consequently, designing absorbers with flat 
spectral response over the largest possible frequency range is a major component of device 
engineering for THz power meters [25]. The spectral responsivity data for a THz power 
meter should be provided by the manufacturer. 
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Figure 3.1 | Examples of optics for maximising beam collection using (a) a lens and (b) two parabolic 
mirrors. 


Dependence on chopping frequency. Of the detectors in Table 3.1, the calorimeter and the 
thermopile accept a CW (i.e. DC) input. The pyroelectric and Golay detectors require 
modulated (AC) input. Both have a slow response time; therefore the chopping frequency 
must be low. Detector responsivity decreases rapidly when the chopping frequency exceeds 
the optimum for the specific detector. For THz pyroelectric detectors, the optimum 
chopping frequency is 20-50 Hz; For the SLT detector mentioned above, it is 25 Hz. For 
Golay cells the optimum chopping frequency is around 10 Hz. 


Beam collection efficiency. THz emitters typically produce strongly diverging beams. In 
contrast, THz power meters typically have apertures that are smaller than the beam diam- 
eter even in close proximity (~10 mm) to the emitter. In consequence, in order to measure 
accurately the emitter power, it is necessary to quantify and maximise the fraction of the 
beam collected by the detector. When using a waveguide-coupled detector, the equivalent 
is to quantify the coupling losses. It is advisable therefore to measure beam divergence first 
(see Section 3.5), and then to use collection optics to maximise the collection efficiency. 
Figure 3.11 depicts two examples of such optical setups using (a) a lens and (b) two para- 
bolic mirrors. Care must be taken to use optical elements of sufficient aperture diameter. 


Standing waves. Emitters for wireless links are highly coherent. As a consequence, standing 
waves can form between the emitter and detector, that affect the detected power and intro- 
duce large errors in power data. A standing wave arises when the surfaces of the emitter 
and detector are partially reflective and form a (low-Q) cavity, causing some proportion of 
the beam to undergo multiple reflections [26]. A standing wave manifests as a sinusoidal 
variation of the detected power with the distance between the emitter and detector; the 
distance between two power maxima is c/2f (Figure 3.12). In the visible or near-infrared 
this distance is <1 um, which is unresolvable and is also smaller than the commonly present 
mechanical jitter; therefore standing waves do not affect optical power measurements. In 
contrast, at THz and sub-THz frequencies, the separation between power maxima is of the 
order of 0.1-1 mm, causing large positional variations in the observed power. 

Standing waves are possibly the most severe problem in power measurements, because 
they are ubiquitous and extremely difficult to eliminate completely. Figure 3.13 shows the 
effect on power measurement. The effect can be greatly reduced by tilting the detector at 
45° to the beam axis, as seen in Figure 3.13. Note, however, that this reduces the effective 
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Figure 3.12 Schematic depiction of a standing wave between source and detector. 
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Figure 3.13 Standing waves in power measurements of a PIN diode at 150 GHz. The drop in the average 
power with distance is caused by the reduced collection efficiency due to beam divergence. 
Tilting the detector at 45° to the beam axis decreases the standing wave amplitude (the 
tilt data is adjusted for reduced collection efficiency). Courtesy of Jess Smith, University of 
Surrey, UK. 


detector area, and therefore may reduce the collection efficiency; the tilt may also reduce 
detector absorptivity and thus its responsivity. 


3.5 Emitter Beam Profile 


Knowledge of the spatial profile and divergence of emitter beams is necessary for the design 
of wireless links and the requisite optical components. It is therefore highly desirable to 
spatially map both the field amplitude and the phase of propagating beams. Such char- 
acterisation of transmitter beam profiles has long since been accepted as an essential tool 
in designing microwave and millimetre wave communication systems. There are exten- 
sively developed and well understood techniques for antenna characterisation [27,28], 
and specialised facilities are available to perform the required measurements. None of 
these as yet exist for THz devices. Unlike microwave sources, THz emitters produce rela- 
tively low powers (commonly <100 uW), have short wavelengths (<1 mm) and there is a 
lack of compact, high-sensitivity detectors, in particular phase-sensitive detectors. These 
factors combine to make spatial characterisation of THz beams challenging. 
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3.5.1 Characterisation of Emitter Beam Profiles 


In characterising beam profiles of THz emitters, it is important to ensure that 
measurements take place in the far field, that is, at the distance from the emitter where 
the angular variation of the beam remains constant with distance. The far-field distance 
Ly, is determined by the radiation wavelength A and the emitter aperture D, and is 
defined broadly as [28]: 


For pee Ler Sy (3.8a) 
2 f 

fe Oe" eee (3.8b) 
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Measurements of RF and microwave antennas are often carried out in the near field 
due to spatial constraints, as their far field distance may be many metres long; and far 
field profiles are then calculated from near field data using tools developed by the antenna 
theory. However, at THz or sub-THz frequencies, where the far-field distance is commonly 
below 100 mm, it is preferable to measure beam profiles in the far field, thus yielding dir- 
ectly highly accurate beam profile information. 

There are two approaches to describing beam profiles in the far field, depicted in 
Figure 3.14: as a function of lateral distance from the beam axis; and as a function of 
angular inclination relative to the beam axis. Lateral mapping is appropriate for collimated 
beams because they preserve their lateral dimensions and profile with distance from the 
source. For this reason, that is the method commonly adopted for optical beams, especially 
laser beams. Angular mapping is appropriate for diverging beams because they preserve 
their angular spread and variation with distance from the source. Therefore this is the 
method employed for mapping microwave sources, and which is similarly appropriate for 
THz emitters. 
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Figure 3.14 Simplified depiction of beam geometry of (a) a collimated and (b) a diverging beam. 


104 Next Generation Wireless THz Networks 


knife-edge 


aperture 
p | sce | | 
z aperture 
C a | Detector 
Figure 3.15 Measurement setups for beam intensity profile: (a) knife-edge scan; (b) pinhole line scan; (c) pin- 
hole angular scan. 


3.5.2 Intensity Profile Mapping 


The intensity profile of a beam can be mapped using a power detector, such as described 
in Section 3.4. Figure 3.15 depicts setups commonly employed for measuring spatial beam 
profiles. 

A technique frequently used in optics for collimated beams and to examine beam waist 
in the focal plane is the ‘knife-edge’, where an opaque edge (usually a thin metallic plate) 
is traversed across the beam area while a detector records the total beam power arriving 
(Figure 3.15a). A collecting lens is included in the setup because it is important to ensure 
that all of the beam is received by the detector. For a perfect Gaussian beam the depend- 
ence of power on the edge position is the error function, which can be differentiated 
to give the beam profile. The beam waist diameter can thus be determined, and broad 
deviations from the Gaussian profile will be revealed. However, as this method measures 
the integrated power along the chosen axis, it cannot accurately depict beams that are 
distorted, asymmetric or have features or lobes. 

An approach better suited to beams with non-Gaussian profiles is the pinhole line scan, 
where the emitter beam is scanned across a detector equipped with a narrow aperture, 
producing an intensity (or power) profile (Figure 3.15b). Line scans along two orthog- 
onal axes can (and should) be performed; a full raster scan of the beam area may also be 
carried out. An equivalent approach suited to diverging beams is the pinhole angular scan, 
where the emitter is rotated normal to the beam propagation axis (Figure 3.15c). Here 
also, rotations in both emitter planes can (and should) be carried out; however, an angular 
equivalent to a raster scan is difficult to implement. 

The spatial resolution of a pinhole scan is determined by the pinhole diameter and the 
emitter—detector distance. This in turn is limited by the emitter power and detector sensi- 
tivity because sufficient radiation must reach the detector to provide adequate SNR. 
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Figure 3.16 Angular pinhole scan of a PIN diode at 300 GHz. E-field is parallel and H-field is normal to 
beam polarisation. 


An example of a pinhole angular scan measurement is shown in Figure 3.16. The emitter 
was a PIN diode operating at 300 GHz; E-field is parallel and H-field is normal to beam 
polarisation. It is seen that the beam profile has multiple lobes and irregular features, 
emphasising the importance of such measurements. 

Instead of raster-scanning a detector, a THz camera can be employed to produce an image 
of the whole beam area. Several THz cameras are available, reviewed in a buyer’s guide 
[29]. They employ different THz technologies, including pyro-electric, microbolometer, 
CMOS (complementary metal-oxide-semiconductor) and FET (field-effect transistor); 
and their performance specifications and prices vary widely. Sensitivity, pixel size and 
aperture size are particularly important criteria when choosing a camera suitable for 
imaging beam profiles of THz wireless transmitters. Sensitivity limits the minimum power 
required to obtain a beam image; it can range from around 20 pW for a microbolometer 
to a few uW for a pyro-electric. Pixel size determines the spatial resolution of the beam 
profile; it can vary from less than 50 um to over 1 mm. Aperture limits the diameter of the 
beam that can be captured; these are typically 30-40 mm. Clearly, angular mapping of the 
beam is not possible using a camera. 


3.5.3 Field Profile Mapping 


The main disadvantage of pinhole scans using a power detector or a camera, as above, is 
that they reveal only the intensity profile of the beam, but are incapable of providing phase 
information. For coherent beams, such as produced by THz transmitters for wireless links, 
knowledge of the phase variation across the wavefront is crucial for calculations of beam 
propagation. Electro-optic (EO) detection offers the most promising route to THz beam 
imaging capable of determining both the field amplitude and phase across the beam pro- 
file [30,31]. 

The detection principle is depicted schematically in Figure 3.17. A THz beam and a 
colinear optical probe beam from a laser are incident on an EO crystal. Both beams must 
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Figure 3.17 Schematic explanation of electro-optic detection of THz field. 
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Figure 3.18 Measurement setup for beam imaging using EO detection. 


be linearly polarised (either parallel or orthogonal to each other). In the presence of the 
THz field, the polarisation of the probe beam is rotated by the EO crystal, with the degree 
of rotation being proportional to the THz field amplitude. The probe beam then passes 
through an analyser, and an optical detector receives a signal that is proportional to the 
THz field amplitude. Unlike power measurements, EO detection is phase sensitive, because 
the signal is proportional to field amplitude, rather than intensity. 

Beam profiling using EO detection can be implemented in a manner similar to that using 
a power detector, as depicted in Figure 3.18. The spatial resolution in this case is limited 
by the diameter of the probe beam. The main limitation of EO sensing is its relatively low 
sensitivity, which means that high emitter power is required to generate detectable signal. 
Although few implementations of EO beam imaging have been reported for continuous- 
wave THz or sub-THz emitters, a very detailed and thorough description of the technique 
is presented in Ref. [32]. 

As with beam intensity mapping described above, EO detection can be implemented 
using an optical camera to image the beam wavefront. The beam profile image can then be 
acquired at video rates, limited only by the camera speed and data analysis. However, the 
emitter power required to produce an image is considerably greater than for single-point 
detection. EO beam imaging using a camera has been reported for pulsed THz beams [33] 
whose peak power is three to four orders of magnitude higher than that of continuous- 
wave sources. 


Characterisation of Emitters and Detectors 107 


3.6 Detector Responsivity 


Responsivity of power detectors is their fundamental and most important property. 
Responsivity is the conversion factor between the radiative power incident on the detector 
and the electrical signal at the detector output; it is given in units of W/V or W/A. Spectral 
responsivity refers to the variation of responsivity with the frequency of incident radi- 
ation. Knowing spectral responsivity of a detector therefore makes it possible to measure 
accurately the incident power of known frequency. 

Detector responsivity is calibrated using a standard radiation source. An ideal radiation 
standard is a perfect ‘black body’, which is a body whose absorptivity and emissivity equal 
1 at all frequencies. Although perfect black bodies do not exist, close approximations are 
available for various frequency ranges. A black body at a constant temperature radiates a 
spectrum that is determined only by its temperature, described by Plank’s law [34]. THz 
frequencies correspond to cryogenic temperatures: for example, a black body whose peak 
emission is at 1 THz has a temperature of 9.7 K; while a peak at 300 GHz corresponds 
to 2.9 K. Therefore THz detectors have to be calibrated using the low wing of black body 
radiation [24,35]. Figure 3.19 shows examples of black body spectra at room tempera- 
ture, below it, and above. 

As an alternative to a black body, THz detectors may also be calibrated using a stabilised 
laser source, which has itself been calibrated against a black body. Established procedures 
exist for calibrating THz detectors using both black body sources and lasers [36-38]. 
However, all of these require highly specialised equipment and meticulous attention to all 
factors that may affect measurement. 

A practical approach to determining the responsivity of a detector is to compare its 
response to that of a known calibrated power meter. 


1. Measure the spectral power of a source using a calibrated power meter. 

2. Measure the same source using the detector being tested. Ensure that the beam 
collection efficiency is the same for both detectors, or else factor in the difference. 

3. Calculate the responsivity of the tested detector from the known power of the source. 


Spectral radiance (W sr! m? Hz") 


Frequency (THz) 


Figure 3.19 Examples of black body spectra at 200, 300 and 400 K, as given by Plank’s law. 
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It is also important to determine the DR of a detector and to verify its power linearity. 
This can be done by varying the power of the source in a series of steps, increasing the 
power by a known factor at each step, and noting whether the detected signal varies by 
the same factor. 

Although high responsivity is clearly an advantage in measuring weak signals, the 
detector sensitivity is of equal importance because it determines the lowest measurable 
signal. In everyday practice, sensitivity of a measurement may be defined as the signal level 
where SNR drops below 2. 

Noise-equivalent power (NEP) of a detector is a measure of its lowest detectable signal. 
NEP is commonly defined as the input signal that produces SNR=1 in a 1 Hz output 
bandwidth (BW); its units are W/VHz [39,40]. The minimum detectable signal is then 
calculated as NEP x VBW. A detector with a lower NEP is more sensitive. Note that 
NEP increases with the measurement bandwidth, therefore it benefits from bandwidth- 
narrowing techniques. The NEP of a detector can be evaluated by measuring its noise 
spectrum in the absence of input signal and then calculating the ‘equivalent’ signal using 
known detector responsivity. 


3.7 Detector Acceptance 


Similarly to emitter beam profiles, knowledge of the spatial acceptance properties of 
receivers is also important for designing and modelling wireless links. The acceptance cone 
of a detector refers to the variation of the detector response with the angle of incidence of 
the incoming beam. 

The acceptance cone may be measured in a straightforward manner by rotating the 
detector normal to the beam axis, as depicted in Figure 3.20. In order to obtain accurate 
measurements with good angular resolution, the incident beam must be well collimated 
and its dimensions restricted by an aperture. To determine the cone in both detection 
planes, the detector is rotated along both axes. 

Angular variation in the detected signal may be due to three factors: 


e Angular dependence of absorptivity of the radiation absorption layer 

e Angular dependence of reflectivity of entrance window or lens, in detectors equipped 
with such components 

e Geometric factors that restrict beam collection efficiency. 


It is not possible to separate these factors in the angular variation data. Power detectors 
such as described in Section 3.4 are commonly designed to have low sensitivity of absorp- 
tivity on the angle of incidence, and have no entrance windows or lenses, so in such 
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Figure 3.20 Measurement setup for determining the acceptance cone of a detector. 
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Figure 3.2! Angular dependence of beam collection efficiency imposed by the entrance aperture. 


detectors these effects are negligible. However, in other types of detectors they may be 
significant. 

Geometric factors restricting beam collection efficiency of a detector with the angle of 
incidence can be straightforward to identify and quantify in some cases. An example is 
shown in Figure 3.21, where an entrance aperture imposes a well-defined angular depend- 
ence. However, many types of detectors, especially those designed for wireless links, 
have much more complex geometries. In particular, many such detectors are equipped 
with collection lenses or receiver antennas whose beam collection behaviour is strongly 
angle-dependent. 

THz sources are commonly polarised. Therefore it may be advisable to determine also 
the polarisation sensitivity of a detector. Power detectors described in Section 3.4 are 
polarisation insensitive; however, other types of detectors may have significant polarisa- 
tion dependence. The simplest method of determining polarisation sensitivity of a detector 
is to employ a polarised source, and to compare the detected signal with the source polar- 
isation set to be either horizontal or vertical. 
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4.1 Introduction 


The high-frequency wireless communication links and networks are seen as promising 
platforms to satisfy the ever-increasing amount of wireless and mobile data. Millimeter- 
wave band (30-300 GHz), and especially the above 100 GHz bands, such as D band (110- 
170 GHz) and THz band (300 GHz-10 THz), offer vast frequency resources for future 
+100 Gbps communication links. These frequencies have large numbers of use cases from 
long range backhauls, small cell base station fronthauls, all the way to device-to-device 
(D2D) communications. Especially above 100 GHz frequencies are seen the next big thing 
for achieving promises and goals set for the upcoming sixth generation (6G) mobile com- 
munication systems [1]. The biggest challenges for conquering these frequencies lie in the 
still prototype phase transceivers. Although some backhaul applications are not very sen- 
sitive to the device sizes due to stationary nature of those, the small base station fronthaul 
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applications and user devices will require small and efficient radios. However, a lot of 
research is ongoing to overcome the hardware problems in the hope to see compatible 
consumer ready products on the markets in the near future. 

The high-frequency bands suffer from high channel losses that will require directional 
communications. High-gain antennas and larger channel losses pose their own challenges 
for initial access and link maintenance in mobile applications. Extremely high bandwidths 
also bring some challenges on signal processing and hardware imperfections, such as the 
phase noise, limiting the performance even further. However, regardless of the unsolved 
problems, these frequencies show great potential to achieve very high capacities and very 
low latencies that enable various applications from high-speed connectivity to virtual and 
augment reality (VR/AR), sensor networks, and tactile applications, to mention a few. 

As with all the networks at any frequency band, large numbers of users sharing the 
resources also unavoidably cause interference to coexisting links. High antenna gains 
effectively mean lower probability for the interference, but it also means high interference 
level when it occurs. To what extent the interference is a problem depends on the system 
and environment. For instance, a stationary backhaul connection would most likely be 
safe from interference due to very high gains and designed nature of such links. The mobile 
applications and especially D2D connections are far more likely to suffer from the inter- 
ference. The interference and its impact on the network performance are traditionally 
studied by means of computer simulation models. However, there are also better tools 
available for certain network realizations. 

The stochastic geometry is a very powerful tool to solve spatial network problems. 
Interference modeling is one very important application for the stochastic modeling due 
to the unwanted signals tend to arrive to Rx from spatially independent and random 
locations and directions. The stochastic geometry offers tools to solve network-level inter- 
ference in a closed form without a need for time- and effort-consuming simulation models. 
The stochastic geometry has been studied widely on various network settings on different 
frequency bands [2-13]. The resultant stochastic models often give more accurate results 
due to closed form expression rather than looping over large simulation sets. However, 
the stochastic geometry is mostly usable in the case of random networks. Thus, regular 
simulation models do remain relevant in the case of well-organized networks with com- 
plex resource allocation and interference management schemes. Where applicable, the sto- 
chastic models have a clear advantage over the network simulators. 

The THz frequencies suffer from molecular absorption loss and very high path loss 
in general. On the other hand, the channels tend to be simpler than the lower frequency 
systems due to highly directional links and the high losses attenuating the non-line-of-sight 
(NLOS) paths. Due to high penetration losses and directional antennas at transmitter (Tx) 
and receiver (Rx) ends, the THz frequencies in general do not support multipath propa- 
gation very efficiently, at least to the extent that some below 3 GHz low gain systems do. 
Thus, the channel model is inherently different from the traditional low frequency wireless 
communication systems. When utilizing the stochastic geometry for THz networks, the 
directionality and in general line-of-sight (LOS) type communications have to be taken 
into account in the interference modeling. 

This chapter presents the basics of the stochastic geometry and stochastic interference 
modeling for the THz networks. Those offer a starting point to utilize and expand the 
stochastic geometry models for a variety of different network configurations in various 
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usage scenarios. The next section gives a brief background of the stochastic geometry. 
Section 4.3 goes through the fundamental THz channel propagation features. Finally, the 
stochastic model for the interference is derived in Section 4.4. 


4.2 Brief Background on Stochastic Geometry 


The stochastic geometry relies on modeling the nodes and transmission in the network as 
point processes. Several types of point processes can be utilized, such as Poisson points 
processes (PPPs), binary point processes (BPPs), and many others [9]. By modeling the 
network as random node pairs having certain stochastic density, the stochastic geometry 
gives tools to mathematically characterize the interference, and for instance the moments 
of it. Thus, closed form expressions can be derived, for example, for the mean interference 
in the network. The stochastic geometry has been studied and proven by simulations to 
be very accurate in a large numbers of works, such as in Refs. [2-13]. Particularly good 
papers to get detailed fundamentals on the stochastic geometry are Refs. [3,9]. 

The basic setting is to model the network as randomly dropped Tx-Rx node pairs. In 
an infinite network, any pair of nodes experiences average behavior of the surrounding 
network of node pairs. The idea of the stochastic geometry is to utilize mathematics to 
describe the surround network as homogeneous (or heterogeneous) density field of inter- 
fering transmitters. By integrating over the space, the total aggregated interference can be 
obtained. How this aggregate interference is calculated exactly will be described later in 
this chapter. The starting point to solve the aggregate interference is the familiar expres- 
sion for a summed interference at the Rx: 


I=) Pix b(t) (4.1) 


where O is the set of active interfering nodes, Pi, is the transmit power of the ith node, and 
h(r,) is the channel coefficient, where r, is the distance. The latter is often taken as a simple 
power law h(1,)= 6; 77%, where r is the Tx-Rx distance, a is the path loss exponent, and 
6, is the fading coefficient, for example, a Rayleigh fading coefficient. In an absorption 
dominated environment, this power law can be changed to h(7,) = 6;exp(—«7;), where x is 
the absorption coefficient [3]. The absorption loss model is covered in more detail below, 
but as a rule of thumb, in the THz band communications, the dominance of the loss mech- 
anism strongly depends on the distance and frequency. Free space path loss (FSPL) tends 
to dominate at short distances and the molecular absorption loss dominates over long 
distances. However, this is also dependent on a particular frequency band of interest. Thus, 
in the following, we utilize the power law and the exponential absorption law make sure 
the derived interference is truly applicable to an arbitrary frequency band in general and 
within the THz frequencies. 

There are many papers on the stochastic geometry for high-frequency networks, such 
as Refs. [14-20]. Those closely follow the general stochastic models that have been used 
in large numbers of papers in the past. What is different in the THz band is the usually 
lack of or low fading and molecular absorption loss. As a whole, the THz-specific papers 
focus on the propagation features that are typical to high-frequency communications. 
Those include high-gain antennas and large penetration loss causing blocking to become 
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an issue. Some common channel specific problems are covered in the next section before 
going into the stochastic modeling of the interfering signals. 


4.3 THz Band Propagation 


In general, the channel losses tend to rise to a square of frequency when moving to higher 
frequencies. This is caused by the antenna effective area being proportional to the square 
of the wavelength. The path loss at the THz regime is very high and the communications 
always require directional antennas. This section looks into some basic phenomena that 
have impact on the propagation modeling of even simple THz systems. 


4.3.1 Free Space Path Loss 


The general free space channel is described by the Friis transmission equation. The channel 
gain with free space path loss becomes 


AR c2 
= PE = ——- Gri Ga (4.2) 


hesp (r) 
(4af r) 

where r is the distance between Tx and Rx, G;, and Gp, are the Tx and Rx antenna gains, 
respectively, c is the speed of light, f is the frequency, 47r? accounts for the free space 
expansion of the transmitted wave, and AK* is the effective aperture of the Rx antenna, 
which is equivalent to 


AR = — Gas (4.3) 
T 


where A is the wavelength. Notice the importance of the effective antenna aperture above. 
When moving to high-gain systems, large aperture antennas may have considerable gain 
due to short wavelength. However, the last term in (4.2) also shows that the FSPL can be 
converted to the regular form by inserting the effective area into the equation. It is still 
good to remember what this expression resembles and that the physical and effective 
aperture antennas have significant impact on the achievable gain. This is certainly a good 
news for many THz band applications that require large antenna gains and can afford 
large aperture antennas. For instance, a parabolic reflector antenna has an effective gain 


2 
described by G=e, (z=) , where e, is the aperture efficiency and d is the diameter of the 


parabolic reflector. We can see that the gain can be very large given the wavelength is small 
compared to the diameter of the antenna. As we can intuitively guess, the antenna effective 
aperture is multiplication between its physical aperture and the aperture efficiency. In the 
following we consider the last term of (4.2) as the FSPL since we do not apply any par- 
ticular antenna structure herein, and ultimately the FSPL can be represented by the last 
term of (4.2) even if we did. 

Notice the difference to a path loss model given above as h(r,)= 6; 17%. Lower frequency 
propagation is often described by fading coefficient 5, and a path loss exponent &. The 
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latter is used to model different environments and is usually higher than two given by the 
pure spherical expansion of wave in the FSPL model. The reason is because the lower fre- 
quencies tend to have wide beam antennas and the radiation penetrates objects more easily. 
This leads to high numbers of signal propagation paths that are often difficult to charac- 
terize in closed from. Thus, the path loss exponent plus fading gives easier way to model 
complex environments. In the THz frequencies, there usually are not many paths available 
and different propagation phenomena are easier to handle in closed form. Therefore we 
use the path loss exponent two in (4.2). 


4.3.2 Molecular Absorption Loss 


The molecular absorption loss is caused by the signal energy exciting the molecules in the 
air to higher energy states. This leads to loss of the signal energy. The molecular absorp- 
tion causes discrete deterministic fading to the signals and it is usually modeled by the 
Beer-Lambert law [21,22]: 


zip) sei, (4.4) 


where k,(f) is the absorption coefficient. This coefficient is a function of frequency, 
molecular composition of the channel, temperature, and pressure of the channel. There 
are databases [23], detailed physical models [21], software [22], and simplified models 
[24] that give tools and models to calculate this coefficient at different channel conditions 
and frequencies. As it can be seen in the above equation, the molecular absorption 
loss increases exponentially with distance compared to square law in (4.2) for the free 
space propagation. This causes the free space propagation to dominate the low-distance 
communications and the molecular absorption to take over at higher distances. However, 
this is also dependent on the absorption coefficient x, (f), which is a function of frequency. 

Figure 4.1 shows the FSPL and FSPL plus molecular absorption losses from 100 to 
1000 GHz at 22°C and 50% relative humidity at three different distances; 10, 100, and 
1,000 meters. This figure shows that the severity of the molecular absorption loss depends 
strongly on the link distance as well as the frequency. Below 300 GHz, frequencies have 
very wide low loss regions for all link distances. The same applies to the high frequencies, 
but the link distance plays an important role on how the wing absorption attenuates the 
signals. The wing absorption is caused by the spectral broadening of the absorption lines. 
On surface the level of Earth, this is mostly caused by the pressure of the atmosphere via 
pressure broadening. This causes severe losses on the signals by the molecular absorption 
loss even on the low loss regions. The shorter distances, on the other hand, offer very 
opportunistic spectral windows at very wide spectral region, albeit the FSPL is always high 
and operation on the THz band requires high-gain antennas. 

In addition, but not covered herein, the THz band communications close to the molecular 
absorption lines causes the utilizable bandwidth of the transmissions to narrow as a 
function distance. This follows from the increasing wing absorption around the centers 
of the molecular absorption lines. In some system specific studies, this has to be included 
into the modelling if, for example, the utilized modulation takes into account the distance 
from the access point [25,26]. In the general case, such as here, the impact of the molecular 
absorption only has impact on the channel quality as presented above. 
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Figure 4.1 Illustration of the FSPL and FSPL plus molecular absorption losses at three distance: 10, 100, 
and 1,000 m. 


4.3.3 Multipath Propagation 


The multipath propagation primarily requires two or more simultaneously active com- 
munication paths between Tx and Rx. The Rx response to multiple copies of the signal 
shows as constructive and destructive summation of the signals propagating different path 
lengths and experiencing different channel losses. At lower frequencies with wide antenna 
beams we often can use Rayleigh, Rician, or similar fading mechanisms to model the 
multipath propagation. The THz channels are very sensitive to blockage by objects due to 
high penetration loss. High antenna gains, on the other hand, limit the number of possible 
paths simultaneously visible to the Rx and Tx. Furthermore, in general higher path loss 
on LOS paths alone limits the number of possible multipath components by attenuating 
the weak NLOS components. The large free space does not allow very high additional loss 
on NLOS paths to take the signal level below the detection threshold. These issues lead 
to vastly simplified channels for the THz communications. Instead, the problem usually is 
how to find the good propagation channels and where to point the Rx and Tx antennas. 
Thus, the fading is usually omitted in the THz band channels and link budget calculations. 
This also applies to most of the stochastic models. Because of this, also herein we do not 
consider fading for the THz links, but rely on single path propagation models. Regardless 
of this, the fading can be included by utilizing a fading channel model as it was shown 
above for a generic path loss model. 


4.3.4 Signal Blockage by Objects 


The THz frequencies are very vulnerable to blocking of the signal by objects, walls, 
humans, and other possible obstructions in the propagation path. In real environments, 
the NLOS propagation tends to be common. This is partially true at the lower frequen- 
cies the large cell sizes. On the THz band operation, the density of the access point needs 
to be sufficiently high to mitigate the large path loss and allow high probability for LOS 
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and possible low loss NLOS paths. Regardless of this, there is always a possibility that an 
object or human blocks the signal path. This is true for the desired link and it is also true 
for the interference. There are several papers that have modeled the stochastic blocking. 
The stochastic geometry relies on transmit probabilities of the interfering nodes. These 
will be detailed below, but in the presence of blocking objects, the probability to receive 
interference decreases. Although the blocking also means that the desired signal can be 
blocked. Herein we do not take that into account since the focus is on the interference 
modelling. One way to calculate the blocking probability is to assume that the blockers 
(e.g., humans) are simple cylinders of radius, m. This gives a good way to mathematically 
characterize the blocking probability by assuming Poisson distributed blockers as [17] 


Ps (n) -1-e-s0-nh, isa) 


where py (r, Jis the probability that the path between desired Rx and the interferer at dis- 
tance r, is blocked, A, is density of the blockers (number of blockers/m*), and % is the 
diameter of the blocker. From this, we get the probability that the path is not blocked as 
Py (7,)=1- ps (r). It will be shown later how to incorporate this non-blocking probability 
into the stochastic model for the aggregate interference. There also exist models that take 
into account the height of the blockers [18,27]. It should be noticed that there can be 
many types of blocking, such as from the walls or car. Respective models should be utilized 
or derived based on the environment that is modeled. 


4.3.5 Beam Misalignment 


In the Friis transmission equation for the FSPL, we have the antenna gains assuming max- 
imum possible gain. In the ideal case, this is true when the antennas are stationary and the 
antennas are perfectly aligned. It is possible that the motion causes the average gain of the 
antennas to be lower than the maximum due to random motion. In this case, we need to 
employ expected antenna gain based on the antenna motion statistics [28]: 


E;[G(9)]= [B(6)G(0)de, (4.6) 


where (0) is function describing the antenna motion and G(6) is the antenna gain 
pattern. It should be noticed that the motion in general case does not have influence 
on the received interference, since it is arriving from the random directions in any case. 
Therefore, some random motion the interferers experience does not increase the random- 
ness of the interference. However, there are situations where extra interference would 
be introduces by the interferer motion. For instance, if the interfering signal is sent by 
the desired Tx to some node spatially close to the desired Rx, it is possible that the 
source of the interference is the motion itself. However, in the basic case herein, we 
assume that the interference is coming from the surrounding random nodes. Therefore, 
the antenna motion does not have impact on the interference, albeit it may influence the 
experienced signal-to-interference-plus-noise ratio (SINR) level by corrupting the desired 
links antenna gains. 
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4.3.6 Received Power and SINR 


Taking into account the loss mechanisms described above, we adopt the following channel 
model for the THz band propagation: 


b(r) =hyspr (7) dr) = Ge tle (©) JE[Gq. (0)]. (4.7) 


With perfectly aligned antennas, the expected antenna gains are given by the maximum 
gains. However, those can be deteriorated, for example, by antenna movement as discussed 
above. Given this channel model, the expected received desired signal becomes 


E[S]=P,,h(r)+n (4.8) 


g? 


where n, is additive white Gaussian noise (AWGN). It is possible to expand this channel 
model to take into account the fading mechanisms, NLOS propagation features (in the 
case the main communication path is one possible NLOS path), and any possible antenna 
gain model and possible hardware imperfections. Utilizing the above channel model, the 
receiver SINR becomes 


2 E[S] _ Prxh(r) 
ARS Na È Pi a (4) +7,’ a 


where h, (r) is the expected channel gain for the interference. This component is funda- 
mentally similar to the desired signal’s expected channel gain with the difference coming 
from the random interference directions. Those are discussed in the next section where 
the stochastic interference level for the THz band networks is obtained. Knowing the sto- 
chastic interference level opens doors to stochastic SINR, and subsequently capacity and 
other network statistics that can be derived from expected signal levels. 


4.4 Interference in THz Networks 


The interference modeling by the stochastic geometry will be covered in this section. First, 
we make the basic assumptions of the interference modeling herein and then give the 
corresponding system model based on the channel phenomena discussed above. Then 
we go through the derivation of the aggregate interference in the considered system. 
Throughout this derivation, we assume carrier-based transmissions. Pulse-based trans- 
mission techniques would require additional modeling of the collision probabilities of the 
pulses. Especially in the case that the pulses would be spread in time to avoid interference. 
However, this is true also for time slotted transmission techniques. Here we focus on 
simple carrier-based approach where users use the channel randomly. 


4.4.1 Interference Modeling by Stochastic Geometry 


The stochastic modeling relies on utilizing stochastic average values, that is, expected 
values of various phenomena, such as antenna gains and blockage probabilities. The 
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stochastic geometry furthermore relies on spatial properties of the nodes in the network. 
For instance, the random interference can be modeled as a shot noise process leading to 
models that we utilize below [3]. When we know the spatial properties of the network, we 
can obtain the statistics of, for instance, the interference from the Laplace transform of 
the spatial model. In the other words, we model the total network interference as a spatial 
process that depends on the path losses, transmit powers, etc. Assuming that the interfer- 
ence is a spatial shot noise process, we can utilize the Laplace transform to characterize 
interference. As a consequence, we can calculate the statistics of this interference. As stated 
above, several other point processes could be utilized as well [9], but herein we utilize the 
PPP due to straightforward interference modeling. 

In this chapter, we assume homogeneous PPP, in which the nodes are homogeneously 
distributed in the network. The interference generated by the nodes is following a Poisson 
distribution in this setting, that is, the nodes cause interference by a shot noise process on 
the studied Rx, or the desired Rx, the typical node of the network in average similar to 
any other node. The desired Rx is usually placed in the origin of the coordinate system 
in the Euclidean space. This gives an advantage that we can use simple radial integrals to 
sum all the interference in the network. We also assume that the PPP is isotropic, that is, 
the process is independent of the rotations (homogeneous interference space with studied 
node at the origin). We assume that the PPP is simple, that is, no two nodes can be in the 
same position. To say this in the other words, we assume that we model random N node 
network to produce interference from N nodes. 

The PPPs further have a couple of interesting simplifying properties that simplify 
the network modeling. An independent thinning of a PPP is a PPP. As it will be shown 
below, the density of the network is modeled by Poisson density parameter A. This gives 
the average number of nodes per unit are (number of nodes/m?). Each node has a cer- 
tain probability to transmit (denoted as p,p,). This follows from a usual assumption of 
ALOHA channel access protocol due to simple handling of the transmissions in the 
network. Thus, the transmit probability thins the PPP by the transmit probability. The 
resultant network is still a PPP and has a density of p,A . Furthermore, we can add other 
phenomena to this thinning process. For instance, the above probability that the path 
between interfering node and the desired node is not blocked (py (7,)) results in a PPP 
network of density py (1)p. A. With the distance-dependent blocking probability, the 
network will not be homogeneous anymore, but it can still be handled by adding the 
blocking probability to the stochastic spatial interference model. This will be further 
discussed below where the stochastic model for the aggregate interference is derived. 
Similarly, other possible thinning processes could be added in without breaking the 
Poisson distribution. 

The second important feature of the PPPs is that the superimposition of multiple PPPs 
is a PPP. This means that we can model multiple tiers of nodes. In the below, we assume 
K different tiers of nodes. Each tier of nodes can have independent transmit probabil- 
ities, antennas patterns, transmit power, and other parameters as well. As a result, sum 
of the interference over all the tiers of nodes does not break the PPP. This gives tools 
to model complex networks with different types of nodes, for example, regular users, 
sensor nodes, and base stations, to mention few possibilities. Below we give an example 
of such network model and derive the mean interference for a generic multi-tier THz 
network. 
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Figure 4.2 An illustration of the simple system model considered in the stochastic model herein. 


4.4.2 System Model 


The considered system model is given in Figure 4.2. The considered model consists of the 
desired link, or the studied link that is utilized to characterize the system behavior. As stated 
above, we can have multiple tiers of different types of nodes with different antenna gains, node 
densities, and transmit powers. Signal blockage by objects on the channel may decrease the 
probability to receive interference. As discussed above, the desired Rx is usually set into the 
origin in order to make it easy to integrate the interference power over the space around 
the origin by simple radial integration. However, in the THz band due to large channel 
losses, it is also possible to limit the space size since the far away interferers are too weak to 
contribute to the total interference. Thus, it is also possible to approach to interference mod- 
eling in Cartesian coordinate in order to easily model, for instance, indoor locations [29]. 
However, herein we focus on general infinite network model as detailed in the next section. 


4.4.3 The Aggregate Interference 


In this derivation, we focus on potential practical system geometry in which the nodes are 
dropped on two-dimensional area, whereas the channel losses follow three-dimensional 
expressions as shown in (4.7). It is also possible to utilize arbitrary dimensions for the 
network and the channel losses. More information on those can be found, for example, 
in Refs. [14,15]. Having these assumptions, the aggregate interference of the network is 
described as it was given above: 


= >. oP bir (4.10) 


that is, as sum over the active interfering nodes. As shown above in the system model, we 
can have multiple tiers of nodes with different parameters. Then the aggregate interference 
is a superimposition over all the active interfering nodes of all the tiers K as 
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DE (4.11) 


k=1lie®, 


where ®, is the set of active interfering nodes in tier k. Each tier can have its own set of 
parameters for the node densities, transmit powers, transmit probabilities, and blocking 
probabilities. The channel coefficient in the above equation is 


bt (n) = Sagar Lor OEL] (4.12) 


This is the same expression as in above for the desired link. The main difference is in 
the expected antenna gains. In the case of random networks, the expected antenna gains 
equals unity. This follows from the conservation of energy as the transmitted is only cap- 
able, regardless of the antenna patters, to emit at most certain maximum amount of energy 
to the environment. High gain antennas emit more energy to certain directions, but far less 
on the other directions. Thus, the net radiated energy remains constant and the expected 
antenna gain equals unity. However, there are some notable exceptions to the expected 
antenna gains. For instance, in a single access point downlink scenario, the desired Rx 
could be pointed toward the access point and have a full gain toward the interfering 
source, that is, the access point itself. Or one could calculate the interference experienced 
by the access point in the uplink scenario where all the nodes are pointed toward the 
access point. These types of scenarios, the modeling of the system can be handled via the 
expected antenna gains by utilizing appropriate models to take into account the system 
peculiarities. Herein, we consider the classical fully random mesh network, where the 
interference comes from all the possible directions. As a consequence, the antenna gains 
disappear (they equal unity), but due to general representation, those are kept in the below 
derivations. 

We characterize the interference by the Laplace transform of the aggregate interference 
in order to later calculate the statistics of the interference. The Laplace transform of the 
aggregate interference is 


i ee sof- EMO] las 


k=lic®, 


where E |:] is the expectation over all the active sets of nodes over the K tiers. This can 
be rearranged as 


Lig: (S) = IIF., p exp(—shf o) (4.14) 


ie®, 


where 


ie, xe®, 


Eo, Tools 0) pee ku dx) + Q(v) 
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is the probability generating functional (PGFL) [2] with v(x)=exp(-s bt (n )). This PGFL 
for a PPP can be solved as [2] 


a(v) =e - fl- veaa) (4.15) 


R 


where the nodes are dropped in R? and A, (x) is the intensity function of the PPP of tier k. 
With homogeneous PPP and two-dimensional drop space 


Ax (x) =22p,.A, X, (4.16) 


where A, is an intensity parameter, that is, the density of the nodes of tier k per unit area 
as discussed above, and p, is the probability of a node in tier k to transmit. As it was 
shown above, the possible blocking probability and other phenomena can be added as a 
thinning operation to the network density A via thinning the density by the non-blocking 
probability, similarly as with the ALOHA transmit probability. Then the effective density 
of the kth tier would become p, (x)= pyn (x) p4 Notice that the blocking probability is a 
function of the distance x between the interferer and the desired Rx. Thus, the blocking 
probability is integrated over the space to account for the distance x in the above spatial 
integral. As discussed above, the blocking probability will cause the interference to become 
non-homogeneous. However, the integration over the space will take this into account, 
but it will also make the integration more difficult. Notice also that the density of the 
nodes could be non-homogeneous by adopting an appropriate, for example, a distance- 
dependent, model for the density of the users. In the below numerical examples we assume 
no blockage and perfectly homogeneous environment. 

Due to assuming that the desired Rx is in the origin, the radial/spherical integral is an 
integration over the distance r. After some manipulations, the Laplace transform becomes 


co 


Li (s) = | [exp| -27p, A, þa - exp(-shf (7)))ar Ă (4.17) 


This is the final form of the Laplace transform with our assumptions. From this expres- 
sion, we can calculate the statistics of the interference, but first, a few words on the direc- 
tional antennas and the interference statistics. 


4.4.4 Directional Antennas 


The high-frequency systems always require directional antennas due to high channel 
losses. We have to take this into account in the stochastic modeling of the antenna gains. 
In the case of fully random network, the antenna gain does not have an impact on the 
mean interference. The reason is that due to conservation of energy, the average energy 
emitted by the Tx is constant. The antenna pattern emphasizes some directions at the 
expense of the others. As a consequence, the average energy in the system is not dependent 
on the antennas, but only on the energies emitted in average by the nodes. However, the 
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directional antennas do have an impact on the high moments, like variance. This follows 
from the higher received energy when the antenna pattern is pointed at the Rx. We can 
take this into account by introducing factor 


n-1 


maxo [ Grek (0) | maxe [ Gast (9)] (4.18) 


Fo [Gr (O) ] Fo [Gus ()] 


fc (n) = 


where n is the order of the moment, that is, below we derive the moments of the inter- 
ference. The mth moment of the interference is the mth derivative of the above Laplace 
transform of the aggregate interference. We can see that this factor is directly propor- 
tional to the maximum antenna gains. The expected antenna gains in the denominator 
are in the general case equal to unity due to the above-mentioned conservation of the 
energy. However, the expected antenna gain also depends on the assumptions made on 
the antennas. For instance, the expected antenna gain in the general case is the gain of 
isotropic antenna’s gain. This isotropic gain could also be below unity if one assumes that 
the total integrated gain equals unity. 


4.4.5 Moments of the Interference 


The moments of the interference can be calculated from the zero points of the derivatives 
of the Laplace transform. Then the nth moment of the interference is the zero point of nth 
derivative with respect to the transform variable s as 


EL] (00 Su, (9), (4.19) 


which is evaluated at s = 0. Let us mark the above Laplace transform in simpler terms to 
make it easier to extract the closed form expression for the derivatives 


Li (s) =exp (-L(s)), (4.20) 


where 


co 


L(s) = 5 2mpAy fr (1 - exp(—sbt (r))) dr. 


Based on this expression, calculating the derivatives, we obtain the first two moments of 
the interference as 


Bl Leg | =E, (4.21) 
E[ Ie. | =—fo (m= 2)L' +0), (4.22) 


where the factor f, 


p(n) was given above with discussion on utilizing the directional 
antennas, and 
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Lis=0)= ` S-E [Grex (9)] Eg | Grex (9)]]r- | ma exp(-K, (f)r) dfdr, 
” e 27 Pik 
E(s=0) = Dew Pr (Eo [ Grete (9)] Eg [ Gas (9)]) fef Wf! exp(-2k, (f)r)dfdr. 


In this expression, we included the integration over the frequency band W to obtain 
mean interference over some particular band. The THz band is characterized by fre- 
quency selective fading due to molecular absorption. This may in the case of very wide 
band require taking into account the variations in the channel loss. The division of the 
transmit power by bandwidth mainly means that we send the full power on this band, 
and this power is equally distributed on this band. In the case of, for instance, some water 
filling algorithms or otherwise uneven power distribution, the transmit power should be a 
function of the frequency. This particular model was first derived in Ref. [16]. The mean 
aggregate interference is obtained directly from (4.21) and the variance is given by 


var (agar) -fo(n = 2)L'(s=0), 


since var(X)=E| X?| -(E[X]), which is easy to solve from (4.21) and (4.22). The higher 
moments can be calculated similarly, although usually the mean and variance of the inter- 
ference are enough to analyze the system performance. The above calculations were given 
for a two-dimensional node drop and three-dimensional path loss model. One could also 


calculate the interference statistics for the any spatial dimensions as it was shown in Refs. 
[14,15]. 


4.4.6 Numerical Examples 


As an example result on THz band peculiarities, Figures 4.3 and 4.4 show the signal-to- 
interference ratios (SIRs) for the same interference statistics imposed on two different 
desired signal link distances. The SIR level is equivalent to SINR in the interference 
limited networks. The interference limited network was chosen here for simplicity and 
the noise could be added by summing the noise level to the interference. All the sources 
have the same transmit power, Pry =1 W. The desired signal in Figure 4.3 is at 10 cm dis- 
tance and at 100 cm distance in Figure 4.4. The interfering nodes are formed of two tiers, 
forming independent aggregated interference levels I, and I,. Tier I, has a node density 
of A, = 1/m? and an antenna gain Gr = 20 (linear scale), and tier I, has a node density 
of A,=2/m? and an antenna gain G;,, = 10. That is, the first tier has twice the lower 
density, but it also has twice the higher antenna gain. From these figures, we can see the 
impact of the molecular absorption versus the FSPL. The very short, desired link distance 
does not suffer from the molecular absorption loss and the molecular absorption actually 
increases the SIR level by rejecting the far away interference. On the other hand, when the 
desired link distance is increased, the desired link itself starts to suffer from the increased 
absorption loss. However, at these link distances, the bulk of the loss comes from the 
FSPL and the molecular absorption loss mostly has impact on the regions with intense 
absorption lines. 
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Figure 4.3 The SIR levels for two tiers of nodes of densities A,= I /m’, A, =2 / m?, and their joint impact. The 
desired Rx is at 10 cm away from the desired Tx. 
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Figure 4.4 The SIR levels for two tiers of nodes of densities A,= I/m’, A, =2 / m?, and their joint impact. The 
desired Rx is at 100 cm away from the desired Tx. 
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This simple example shows that the THz band has many interesting aspects to study. 
The stochastic geometry is a very good tool to quickly produce network-level interference 
on top of the in general trivial desired link. By manipulating the stochastic models, we 
can easily predict behavior of the THz signals in many types of environments and usage 
scenarios. The closed form expressions offer fast “simulation” platform. As such, the sto- 
chastic geometry should be found in the toolbox of every researcher doing system level 
analysis. 


4.5 Conclusions 


This chapter gave some fundamentals on THz band interference modeling by the stochastic 
geometry. As such, the models herein represent the starting point for the THz band system 
level interference modeling. The stochastic models can be applied to various different net- 
work configurations by adding and modifying different components in the model, such 
as antenna pattern, blockage probabilities, and node properties. In general, the stochastic 
geometry is a very handy tool to estimate the interference and other statistics without 
a need for complicated system simulators. In the problems where stochastic tools can 
be utilized, they do not only provide faster results but also more accurate results due to 
effective handling of all the possible network realizations simultaneously in closed form. 
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5.1 An Overview of THz Communication Channels 


Sub-microwaves and millimeter waves for a radio system operate in gigahertz frequency 
and support point-to-point digital links that operate in a duplex mode. Radio channel 
waves consist of a frequency pair for both transmitting and receiving directions. GHz 
bandwidth, which is determined by link capacity and modulation scheme, is quite sym- 
metric and wide [1]. The widespread use of various electronic devices, that is, laptops, 
mobile phones, and tablets, have dramatically increased connectivity across the world. 
This increase in connectivity results in an extensive media sharing of videos, music, and 
social networks, which requires a massive enhancement in data rate between devices over 
a large bandwidth capacity. Gigahertz has been an exciting band for modern technologies 
and one of the most important co-factors of rapidly expanding information age [2]. 

The recent interest in THz band has led to studies and development of new models 
for high-performance communications systems, which enable widespread networks with 
high-quality definition video applications such as radar imaging. THz is expected to be a 
key spectrum of wireless technologies that would be capable of meeting the demand of 5G 
communications for high bandwidth and data rates. THz wireless band communication 
suffers from severe transmission path loss and attenuation, which lead to constraints in dis- 
tance [3]. In this chapter, the characterizations and measurements of THz communication 
channels are presented to develop a new transceiver with high frequencies close to THz for 
many applications, such as indoor wireless, vehicular networks, drone communications, 
and device-to-device (D2D) and nano communications. 

THz band provides high data rates for future communications and large bandwidths, 
but many challenges and issues regarding its physical layer efficiency remain. In THz 
communications, the large bandwidth that can be achieved is disrupted by signal propa- 
gation loss and a high-gain directional antenna is required to communicate over a distance 
of a few meters [4]. MIMO techniques can slightly reduce the loss in THz bands and 
can be used to design smaller THz system antenna embedded in a small footprint. Other 
technical difficulties with higher carrier frequencies in THz communication are related 
to effect of molecular or atmospheric absorption, which lead to THz channels facing the 
problem of very high attenuations [5]. The attenuation problem needs to be evaluated by 
characterizing THz channels and testing different methodologies according to communi- 
cation environment scenarios. 

In this chapter, an overview of terahertz channel characteristics and measurements 
is presented. The chapter is organized as follows. A brief introduction and overview 
of terahertz communication channel is presented in this section. Related works and a 
background description of mm-Wave versus THz communication channel environ- 
ments are provided in Sections 5.2 and 5.3 respectively. The THz channelization and 
measurements in the THz band are discussed in Section 5.4. In Section 5.5, different 
terahertz channelization scenarios, such as large-scale THz statistics and small-scale THz 
statistics, as well as structures are presented. Section 5.6 provides THz channel measure- 
ment metrics such as antenna, distance measurements, spectrum capacity, dynamic range, 
and Doppler frequency characteristics. An extensive discussion of THz channel measure- 
ment methodologies is presented in Section 5.7. A general review of THz channel measure- 
ment and channel analysis approaches and differences are presented in Section 5.8. Finally, 
conclusions and a summary for the chapter are given in Section 5.9. 
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5.2 Related Works 


Several works since the early 2000s have covered THz channelization and measurement. 
Some of them designated and precisely modeled the effect of oxygen and water vapor 
[1]. Work done in THz based on temporal domain spectroscopy (TDS) [2] has shown 
that open space can be exactly demonstrated by utilizing high-resolution transmission 
molecular absorption (HITRAN) database [3]. Significantly, this contribution showed 
how field assimilation is often handled incorrectly, which is due to inconsistencies in 
total assimilation. Recently, another study proved that THz measurements adopting the 
recommended International Telecommunication Union-Radio Communication Sector 
(ITU-R) for absorption experiments was not precise [4]. 

Several THz measurements were made around fading, absorption, and attenuation 
[5,6]. The precise stochastic analysis for THz wireless communication needs certain 
experimental setting with realistic channel sounds, that is, realistic environmental for rain 
[7], fog [8], and dust [9]. The vector network analyzer (VNA) stages scanned over array of 
detached, narrowband frequency of the bandwidth of interest is used to determine channel 
size and phase response in addition to channel Inverse Discrete Fourier transform (IDFT), 
which leads to imaginary channel impulse response (CIR) [13]. 

VNA utilized for actual specific channel quantities have been employed in stationary 
environments using an anticipated frequency determination [12] and channel coherence 
time [13]. For short-range indoor laboratory experiment, a suitable wired connection is 
needed for synchronization [14]. In addition, the test needs high signal to interference ratio 
(SINR) and good dynamic range (DR) [15]. Direct signal spread spectrum (DSSS) is one of 
well-known transmission methods for narrowband channel sounding and measurements, 
where a train of pulses are used rather than a single pulse. 

DSSS signal has great immunity for in-band interference and acceptable dynamic range 
(DR) [16]. For bandwidth enhancement, several solutions have been proposed such as 
introducing time delay in sliding window [17]. This method introduces a cheaper storing 
and processing method for CIR measurements [18]. Another solution is by correlating a 
delayed version of transmitted signal with received signal and filter results. This method 
is called temporal dilation for CIR [19]. The parameters that can be measured by using 
enhanced sliding window are (a) multipath components, (b) received power, (c) antenna 
patterns, and (d) time delays [20]. 


5.3 mm-Wave Versus THz Channels 


The millimeter waves occupy frequencies of 30-300 GHz in the electromagnetic spectrum 
and wavelength of 1-10 mm, while THz waves occupy a range of 300 GHz to 10 THz 
with a wavelength of 100 microns to 1 mm. The mm-Wave channels can provide up to 
100 Gbps data rates, which is promising for 5G networks and wireless applications. THz 
channels may exceed expectations by even providing data rates higher than 100 Gbps, 
opening a new opportunity for biological and nano communications, in addition to high 
spatial resolution in imaging applications. Both millimeter and terahertz channels suffer 
from severe attenuations that can occur due to rain or resonant absorption in oxygen and 
water molecules [9]. The characterization of mm-wave channels show that it depends on 
multiple components, in addition to other parameters such as time delay, angle of departure 
(AoD), Doppler shift, path weights polarimetry matrix, and angle of arrival (AoA). The 
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Table 5.1 A comparison of conventional, mm-waves and THz communication channels 


Conventional (2.4 or 5 GHz) Mm Waves (60 GHz) THz (More Than 300 GHz) 
Bandwidth 40 MHz 2 GHz 100 GHz 
Path loss (I0 m) 60dB 88 dB 101dB 
Data rates 600 Mbps 4 Gbps 100 Gbps and beyond 
Antennas Omnidirectional, 3dBi Medium Directivities High Directivities 

Max 25 dBi Max 40 dBi 

Output power Limited by regulations, Limited by technology & Limited by technology, 

22dBm regulations, | 0dBm <10dBm 


bandwidth of the mm-waves channels is less than 10 GHz and can be affected by these 
parameters. In THz channels, parameters that affect the most are molecular absorption 
and transmission distances, which may actually degrade THz channel bandwidth but still 
can offer a few tens of Gbps data rates with acceptable bandwidth [9]. In addition, THz 
frequency bandwidth can be classified as a narrow spectrum, but it is still a broadband 
divided into sub-windows. The channel characteristics for mm-waves and THz have some 
common and distinguishing characteristics, differing from other traditional communica- 
tion channels. Table $.1 shows a comparison between conventional, mm waves and THz 
communication channels. 

Both mm-waves and THz channels follow two kinds of propagation paths: (i) light of 
sight (LoS) and (ii) non-line of sight (NLoS). These result from reflection and scattering 
phenomena. Any extra atmospheric attenuation and free space attenuation due to water 
vapor absorption can impact the THz channel propagation. The major absorption in mm- 
wave channels is from oxygen molecules. In mm-wave channels, attenuation ranges lie in a 
few tens of dB/km, but it can increase to hundreds of dB/km with higher frequencies in THz 
channels. The reflection and scattering loss would be greater for THz channels rather than 
in mm-wave channels because of differences in wavelengths [10]. Consequently, higher 
mm-waves and THz band channels are considered only up to second order reflections. 
Generally, in THz channel, increase in reflection loss decreases the number of rays and 
the coherent bandwidth increases up to 5 GHz, but the overall angular spread becomes 
smaller. For mm-wave channels in an indoor scenario, researchers report angular spread 
up to 119° at 60 GHz, but for THz channels in indoor environments, the angular spread 
observed is up to 40°. THz channels are different from mm-wave channels and highly 
dependent on distance and frequency [10]. Change in communication distance would not 
only result in a variation of path loss but also of available transmission channel band- 
width when compared to mm-wave channels. The THz channel bandwidth would shrink 
if the communication distance increases. 


5.4 Motivation for THz Channelization and Measurements 


The THz band has been researched extensively in the last three decades for its excellent 
wave characteristics and massive potential for possible applications due to these proper- 
ties. These characteristics can be broadly elaborated in four main properties [12]: (a) the 
properties of low scattering and high penetration rate compared with the conventional 
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waves; (b) clear-cut resolution for three-dimensional imaging; (c) low ionization prop- 
erties, making it safer than other conventional frequency bands; (d) finally, spectral 
lines in THz band, which are useful to identify atoms that can be utilized for deep space 
communications. 

Although THz channels have many attractive properties, there are several issues that 
need to be characterized and measured due to high absorption loss in free space. The main 
problem is that THz band has a lack of competent, comprehensible, and solid THz facilities 
and transceivers, i.e. transistors and antennas. Such components have frequencies rolling 
over a square frequency due to the properties of reactive resistance and large transfer delays. 
The THz channel has to be analyzed and measured for spectral efficiency and power reduc- 
tion to compensate for high losses. Another motivation for THz channelization and meas- 
urement is that there are many proposals for using THz bands in aerospace, deep space, 
imaging, and short range. All these applications need proof-of-concepts based on real-time 
experiments and test. Addressing issues like high losses due to water vapor, rain drops, and 
dust are vital to these technologies. Hence, THz band and applications have very ingenious 
instruments for essential soundings in several study fields such as chemistry and physics. 

Recently, a number of studies have been conducted to analyze the frequency characteristics 
of microwave channels in order to develop 5G systems. This has led to development of 
models for channels operating on millimeter waves, where frequencies are limited to 
less than 100 GHz [3]. THz band communication requires many evaluations of channel 
characterizations to assess statistical propagation, transceiver designs, reconfigurable 
platforms, in addition to several important statistical channel parameter measurements. 

The importance of THz channel characterization and measurements is that they help to 
study the behavior of THz signal propagation in different scenarios related to nature of 
the region in which THz signals would be transmitted. Moreover, such characterization 
would help in modeling THz channels and gaining knowledge about different influences 
that can hinder or reduce speed of THz signals. The transmission and cohesion of THz 
channels are studied to gather sufficient information about changes that can be made for 
the propagation of THz waves, while measurements would help in assessing the perform- 
ance of THz communication systems. 


5.5 The Terahertz Channelization Scenarios 


THz band is known as sub-millimeter band with a range between 100 GHz and 10 THz, 
having wavelengths between 3 mm and 30 um. Generally, to describe properties of any 
communication channel, it is important to adopt a specific model for typical channel in 
order to evaluate its behavior. In THz communications, the channel might suffer from 
different constraints such as atmospheric environment or molecular absorption, in add- 
ition to free-space path loss due to atmospheric attenuation. These constraints are related 
to transmission distance. Accordingly, a suitable carrier frequency is selected based on 
the intended application. The THz channel model can be described through THz bands 
ranging between 275 and 325 GHz. A statistical parameter for D2D channels can also be 
described for THz bands [4]. These models simulate the reflectance patterns and scattering 
in a sub-THz D2D environment. There are three types of THz channels considered: indoor, 
outdoor, and intra-device channels. Figure 5.1 shows printed circuit board (PCB) model 
for intra-device THz channels. 
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Figure 5.1 Printed circuit board (PCB) model for intra-devices THz channels. 
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Figure 5.2 Shadowing in indoor communication channel environment scenario for THz Channels using 
directional antenna. 


The most important channels are in indoor and outdoor environments that have much 
more complex propagation conditions. Figure 5.2 shows an indoor environment commu- 
nication channel scenario for THz channels. THz channel properties related to propaga- 
tion and path loss are categorized by special and molecular absorption loss. The free space 
loss for omnidirectional antennas and molecular absorption are categorized as a special 
loss. These kind of losses occur due to internally vibrating molecules on the frequencies of 
the THz band and as derived from coefficients from HITRAN database. The database of 
HITRAN has combined spectroscopic parameters, which are used by different computer 
scripts in order to simulate and predict THz transmission in the atmosphere. This process 
will help to describe the high-resolution transmission of molecular absorption [5]. 
Figure 5.3 presents an outdoor communication channel environment scenario for THz 
channels. 


THz Channel Characteristics & Measurements 139 


Channel characteristics for dense urban area, | Scattering Rays 


scattering rays at the building and trees 


Scattering Rays 


Figure 5.3 Non-line of-sight (NLOS) outdoor with scattering ray communication channel environment 
scenario for THz channels. 


In fact, applications on terahertz frequencies are still under analysis where studies focus 
on THz wave propagation in various environments, whether in an outdoor environment 
with short distances or an indoor/in-chip environment such as nano-scale applications. 
A number of laboratory experiments have been carried out for study of THz bands and 
their effects. 

Theoretically, characterizations of THz channels would allow to capture important 
parameters related to THz channels. These parameters are gain, delay, and angular 
spread. Also the THz characterizations will allow to utilization of important channel 
characteristics, such as degrees of freedom and capacity. THz channel characterization 
also includes several factors related to the channel and propagation such as directivity, 
geometry, and motion, in addition to radiation patterns in humidity, vapor, or dust envir- 
onmental conditions [11]. The impact of spreading and molecular absorption losses should 
be considered with the abovementioned channel characterization factors. Moreover, the 
considerations should include the line-of-sight (LoS), non-line-of-sight (NLoS), scattered 
and reflected paths, in addition to static and time-variant environments. THz signals 
in receiving systems at pass band are affected by the propagation environment. When 
considering a constant general spread, the received signal is modeled as an overlay of 
multiple copies of the transmitted THz signals with different levels of attenuation and 
delays. So then THz baseband channel includes an impulse response to a number of resolv- 
able multipath components represent delay and attenuation factors corresponding to the 
number of multipaths [12]. 

For LOS, two static distributions can be used to describe first-order attenuation 
factor: Rice and Nakagami distributions [13]. These static distributions are useful to 
describe the special case of fading mechanisms that are an intrinsic characteristic of THz 
channels. Water vapor can affect THz response. Molecular absorption losses are predom- 
inant depending on distance range, which contributes to dividing the available spectrum 
into smaller windows depending upon the distance. The water vapor will reduce the 
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available transmission channel bandwidth and increase the path loss due to any increase 
in communication range. 

In addition, more increases in THz frequencies would also reduce total bandwidths 
due to high absorption spikes and higher propagation losses [14]. The statistics of THz 
channel characterization is categorized into small-scale and large-scale statistics. The 
channel properties related to small-scale fading due to multipath propagation is known as 
small-scale statistics. This kind of fading determines the performance in terms of bit errors 
and average fade duration. The large-scale statistics evaluate large-scale fading related to 
path loss and shadowing over distances that are of the order of more than tens of carrier 
wavelengths, which is important to find out coverage area of cells and handovers [15]. The 
following section would show THz channel characterization in both small- and large-scale 
statistics. 


5.5.1 Large-Scale THz Statistics 


In wireless communications, several different propagations models like Okumura-Hatta 
and Wolfish-Ikegami can be proposed for path loss in many environments, that is, in 
urban, rural, and indoor environments [21,24]. Diffraction, reflection, and absorption are 
constrains affecting LoS and NLoS propagation. Obstacles such as buildings and trees 
result in a path loss through distance as random variations of received power, which is 
known as shadow fading that can be distributed according to following equation [14]: 


_ 10 asia (10logiox -Ha (dBm)) 
Xoo V27ln10 204 


R(x) (5.1) 


where Q denotes the mean squared envelope level and o the shadow fading standard devi- 
ation. u represents the mean of area in dBm. 

The large-scale statistics of a THz channel are characterized by two parameters: path 
loss exponent that can be expressed by y and standard deviation of shadow fading o, 
which is obtained from the distance domain of path loss due to displacement. These two 
parameters determine the increase in path loss as the transmitter / receiver THz separation 
distance increases, in addition to variation in the measured path loss. The equation of path 
loss calculation in dB at distance d for a single slope is shown as follows [15]: 


PL(d)= 1Opoen( 2) +PL+X, (5.2) 


o 


where PL(d) represents path loss at distance d, PL(d,) denoted for free space path loss at 
distance d, and X, represents the shadow fading. 

For a large -scale THz indoor scenario, studies report that delay spread does not exceed 
more than few tens of nanoseconds. But the spread decreases because of weak multipath 
components disappearing below the noise floor, resulting in delay spread decreases at large 
distances [16]. The large distances in between the transmitter and receiver system and the 
indoor environment walls lead to higher propagation delay. 
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5.5.2 Small-Scale THz Statistics 


For small-Scale statistics, it found that THz channels can be affected by scattering in 
direct path between THz transmitter and receiver system and generate an NLOS path. Due 
to scattering, THz signals take many different directions with different delay in its path 
and at THz receiver with multipath fading. This means that THz components arise under 
NLOS propagation due to the scattering environment in a form of Rayleigh distribution 
fading. The fading at the receiver is described by Rician distribution [17]. THz channel can 
be characterized at the receiver as a low pass impulse response by the following equation: 


b(t-1) =>) g(t) lt- a) (5.3) 


where L represents the total number of multipath components, g, (7) denotes time-varying 
envelope associated with Į” resolvable multipath component, with average time delay 1,. 
gı is either Rayleigh or Rician fading. 

THz channel impulse response can be affected by the motion of the transmitter or 
receiver described by time selectivity, which represents the characteristic of the impulse 
response channel that changes over time. The time sensitivity in frequency domain appears 
with Doppler shifts in the transmitted signal, causing the spectrum of the transmitted 
signal to expand. The other consideration is related to the impulse response channel chan- 
ging with frequency [17]. The frequency selectivity is based on the multipath components 
that arrive with different time delays. This leads to fact that as more multipaths are 
detected, more variation occurs in frequency response. Therefore, small-scale statistics of 
THz channel characterization is associated with RMS delay spread that enables us to esti- 
mate the multipath-rich channel, which is directly related to coherence bandwidth [18]. In 
the case of transmission over the narrow band compared to the channel coherence band- 
width, the channel can be considered as a flat frequency. Otherwise, the channel becomes 
frequency selective. 


5.5.2.1 Outdoor THz Channel Characterization 


It is known that the THz band provides a high bandwidth that reaches several terahertz 
and depends on the propagation distance, but there are a number of challenges of com- 
munication in these bands. One of these challenges is an attribute of high propagation 
loss due to the communication distance limitations. In designing the transceiver systems, 
consideration must be given to the calculation accuracy for system sensitivity and noise 
parameters to make THz systems capable of reducing high path loss at the THz band fre- 
quencies. In addition, to overcome the problem of high path loss in THz bands, the use of 
very large antenna array will help to reduce the loss. Other limitation to THz channel is 
related to THz free space propagation radiation. The THz traveling waves show the path 
loss as absorbing losses [26]. Attenuation in outdoor scenario is considered one of main 
impediments affecting the THz channels due to absorption loss that are atmospheric and 
molecular in nature. 

Attenuation is considered as one of the most disruptive factors in THz applications. 
Attenuation due to water molecules cause intense rotational transitions in ambient atmos- 
phere. In outdoor THz environment, water vapor causes atmospheric absorption 
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Figure 5.4 Four band windows at 100,250, 680, 870 GHz atmospheric attenuation of THz propagation with 
four (0, 25, 50, 75) degree dew points. 


attenuation. This kind of attenuation is due to parameters of spectral absorption line from 
atmospheric transmitter. High-resolution transmission molecular absorption database 
(HITR AN) is used to describe the limitations of THz propagation through water depending 
on temperature, pressure, and humidity. HITRAN is a sensitive database to ambient air 
pressure and relative pressure. It is used to calculate the absorption lines widths according 
to the air and self-broadened width [27]. In short-distance THz applications, the selection 
of operating frequencies is very important to avoid extreme degradation of system per- 
formance under adverse environmental conditions, especially in the situation of high water 
vapor content. The impact of atmospheric water vapor with scattering loss would attenuate 
THz pulses according to the atmosphere conditions if it were a heavy fog or light espe- 
cially in THz up to 2 THz. 

In outdoor THz environment, the THz electromagnetic propagation pulses in atmos- 
phere are controlled by the water vapor parameters. These parameters are frequency- 
dependent absorption and dispersive index of refraction represented by a (w) and n(w) 
respectively [28]. Terahertz radiation faces severe limitations due to atmospheric attenu- 
ation. These severity of these limitations depend on water vapor present in the atmos- 
phere, which can restrict the THz applications. Figure 5.4 shows the THz propagation 
atmospheric attenuation in four atmospheric windows dew points. 


5.5.2.1.1 Water Vapor Absorption 


Gaseous attenuation occurs due to the absorption of water vapor, but there are spectral 
regions in which oxygen lines predominate that do not allow absorption to occur. The 
water vapor absorption combines the water vapor lines and continuum component, which 
is contribute to gaseous attenuation in the frequencies far from the absorption line peaks. 
This attenuation in kilometers by an accurate estimation of scattering and absorption 
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Figure 5.5 Comparison of four rain drop size distribution (DSD) by using the parameters number of drops 
vs. drop diameters. 


coefficients as an extinction cross-section o, can be calculated according to of water 
spheres with different radii r in mm by the following equation [29]: 


Ye = 4.34*10.3* Jo. (r)N (r)dr (5.4) 


where N(r) represents the particle size distribution of clouds. N(r)dr determines the water 
drop size distribution (DSD) density [29]. Figure 5.5 presents a comparison for rain drop 
size distribution (DSD), which plays an important role in the evaluation of the effects of 
rain on THz communication channels. DSDs are considered as a key parameter that limits 
the predictions of rain attenuation effects on THz bands. 


5.5.2.1.2 Molecular Gas Absorption 


Molecular absorption is very important issue limiting the applications of using THz 
bands. It contributes to signal loss due to the partial conversion of electromagnetic 
energy into internal energy of particles. In general, molecular absorption is considered 
similar to sky noise in outdoor environment. The molecular absorption occurs due to 
absorption energy transfer in the atmosphere. There is a difference between the molecular 
absorption noise and sky noises as they vary by the cause of occurrence. The atmospheric 
temperature accompanies the sky noise while the molecular absorption noise occurs due 
to transmission in the radio channel [30]. In addition to this reason, and more precisely, 
molecular absorption occurs due to the transformation of the electromagnetic wave 
particles in the medium to higher energy states, which affects the absorption frequency. 
Figure 5.6 shows different kinds of molecular absorption reactions in the range of THz 
frequencies. 

In atmospheric propagation, gas absorption attenuation absorbs more THz waves. This 
phenomenon depends on the spectral line intensity, wave numbers, and atmospheric 
molecular density. Moreover, the parameters like temperature and pressure influence the 
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Figure 5.6 Types of molecular absorption throughout the frequencies from microwave up to x-ray. 


environmental conditions of atmospheric propagation [30]. The molecular absorption 
coefficient variation with respect to wavelength is fluctuates according to the change in 
wavelength. The molecular absorption coefficient can be calculated as follows [31]: 


Ki(f)= uNa; (f) (5.5) 


where u; denoted molecule fraction, N represents the number of molecular density, and 
o; (f) denotes cross-section of ith molecular species absorption. 

The spectral line shape and spectral line intensity together determine the absorption 
cross-section [31]. The absorption line strength is represented by spectral line intensity, 
and the width and shape of the spectral lines represent the effective area of absorption of a 
single molecule. The gas molecules act against the electromagnetic wave and make it travel 
more slowly by absorbing and scattering a part of its energy corresponding to the traveling 
distance. The molecular absorption loss can be neglected in a distance below 1 m, and it 
will become significant if distance exceeds 1 m. The temporal change of molecular fraction 
for water vapor and acetonitrile (CH;CN) is shown in Figure 5.7. The path loss due to 
molecular gas absorption (A,) can be calculated as follows. [32]: 


A, =Yed (5.6) 


where 7, represents gaseous attenuation and d denotes path distance. 

Depending on the molecular absorption transmission windows, higher frequencies 
than 1 THz suffer from limitations of water vapor and oxygen molecules absorption in 
the atmosphere. The gaseous attenuation of THz waves depends on the interaction of 
molecules and radiation. 
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Figure 5.7 Molecular fraction temporal change. 


5.5.2.2 THz Indoor Channel Characterization 


In indoor propagation, tracing 60 GHz waves is suitable for modeling the propagation 
channel beyond 300 GHz. This channel scenario related to reflection and scattering 
processes for such indoor environment depends on reflection on smooth multilayers and 
scattering on rough surfaces. The other aspect of THz channel in an indoor environment 
is channel dynamics, which is related to the temporal variation in path loss, which occurs 
due to device or moving objects [6]. Meanwhile, any reflections from human body are 
considered a Doppler shifts, contributes to achieving channel dynamics. In outdoor propa- 
gation, channels may be affected by phenomena such as reflections from the ground or 
from the outdoor building walls. Moreover, other aspects like fog affect channel dynamics 
[6]. Considerations must be given to how these obstacles are encountered when mod- 
eling and designing the specifications of THz systems as done previously for wave channel 
propagation. The use of directional antennas can be one of the promising approaches to 
compensate for all mentioned kinds of loss. In addition, such antennas can dynamically 
choose the best radiation rays and avoid signal interference. The calculation of received 
power for THz communications can be expressed as in the following equation: 


Ac 
P= oP +201 — |- — aL ; 
> = P +G, +G, +20 oe( 75} a(f,c)d- aL, (5.7) 


where P, is the transmitting power, G, and G, are antenna gains of the transmitting and 
receiving antennas, d is the distance, and A is the wavelength. a(f,c) is the atmospheric 
attenuation determined by frequency f and molecular concentration c. L, is the reflection 
loss. a=0 when the propagation is in the line of sight (LOS) and a=1 when it is in the non- 
line of sight (NLOS). 

For the channels in indoor environment, a few clusters and many sub-multipaths in each 
cluster can be achieved. The clustering concept is related to indoor propagation modeling, 
by which the multipaths of wideband channels are grouped in a cluster. This clustering 
method can help in reducing the number of multipaths from thousands to less than 10. 
This means different multipath distances over impulse response would be defined to aggre- 
gating clusters of the multipath. For indoor characterization, the impulse response of THz 
channel can be derived by [7]. 
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b(t)= > Y pik 5(t - Tl —tkl) (5.8) 


The cluster sub-ray number is represented by k. The amplitude of each ray is denoted by 
Blk. TI represents the Ith cluster time delay. / denotes the cluster number, and 7k/ is the time 
delay of the kth ray in the /th cluster. 

In general, there are limited numbers of clusters in indoor environments for the THz 
channel due to path loss arising from reflections. Multipaths in THz may be generated 
for paths reflected by ceiling, ground, walls, and furniture. It also depends on the type of 
reflection surface. Rough surface means several multipaths in the cluster. Smooth surface 
means only the specular reflection exists. 

In THz channels, molecular absorption noise contributes primarily to the noise and it 
is caused by the vibration of molecules that can re-radiate a part of energy absorbed. This 
kind of noise is related to human body and composed of two types of noises: background 
denoted (N,,) and self-induced noise (N,). Another type of THz channel noise is associated 
with the surrounding nano-scale devices and the energy radiating from the particles in 
the propagation medium. This kind of noise is known as the thermal noise, which results 
from a portion of the fracture energy absorbed by the molecules in the medium, as they 
increase the average temperature. Or they may be re-emitted in a random direction, which 
is actually adding noise to the received signals. The molecular absorption noise (N,,) can 
be found by summing the human body noise (N,) and self-induced noise (N,) which can 
be expressed as follows [8]: 


N, (1) = [B(To, tz] df (5.9) 
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where B represents the bandwidth of the communication channel. n is the refractive 
index, and ny is THz wave medium’s refractive index. fọ denotes wave frequency, and a(f) 
represents the absorption coefficient. The Planck’s function is denoted by B(To,f). SA 
represents the transmitter antenna’s signal power density. 

In particular, molecular absorption contributes more to the THz channel noise and its 
level tends to change according to the distances and frequencies. In indoor channel scen- 
ario, THz channel pulses generated by the transmitter are propagated through the air and 
received in the synchronized receiver depending on the detector time resolution, SNR, 
range of pulses, and THz frequency used. At the THz system terminals, a focus lens can be 
used in front of antennas to fully collect the signal and to produce parallel beams focusing 
on the entity to create a directional channel. Otherwise, if no lenses are used, the channel 
is not directional [19]. 
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THz signals propagating through the indoor channel suffer from molecular reson- 
ance attenuation at specific frequencies. This resonance occurs because of rotational 
transitions corresponding to the THz frequency range, as a water vapor frequencies lie 
in THz domain and it also depends on air conditions such as dry or humid air. In case of 
long distances between THz system terminals, signals would be received at a delayed time 
due to longer signal travel time [19,20]. The estimation of propagation characteristics in 
the medium can be done by ray-tracing technique based on geometrical optics to deter- 
mine the levels of electromagnetic fields and to find the signal behaviors through the 
paths [20]. 

In the LOS propagation mode, THz EM waves face a path loss due to absorption 
and spreading loss because of short-distance propagation. As mentioned before, absorp- 
tion depends on the environment conditions. Three-line parameters would govern the 
computations. These are line intensity, shape, and position. The attenuation occurring 
for THz frequencies due to molecular absorption over r is calculated by the following 
equation [21]: 


A(f, r) = e2molec(f,Tk,P)r (5.12) 


where o molec (f,T p) is the molecular absorption coefficient. T, represents the system 
temperature in Kelvin. 

LOS propagation in the indoor scenario faces many kinds of barriers like people or any 
various objects. So NLOS propagation model provides the best option for stable transmis- 
sion. The characteristics of THz channel through the NLOS is related to reflection prop- 
erties of indoor materials and also with the behavior of EM waves scattering at surfaces 
in the THz band. The reflection characteristics are restricted by the scattering coefficient 
defined as follows [21]: 


Cr = = (5.13) 


where E, represents the scattered electric field. E, denotes the reflected electric field. The 
reflection is considered to arise from a smooth conducting surface. The scattered power in 
a distance Ry with respect to the incident power P, is given by 


PE 
E (Rome) = (4) E{CrCr *}finite (5.14) 
ELE 
EiCeCr* = = a) (5.15) 


where ©; is the incident angle. C is a light speed and f represents the THz frequency. The 
scattered power is described by the average power reflection coefficient of a surface area 
A. Non-specular scattering from rough surfaces will affect the behavior of the broadband 
channel. 
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In sub-THZ bands, the LOS path in the indoor propagation channel is not robust espe- 
cially against shadowing. NLOS should be applied in such cases. In addition, dielectric 
mirrors for covering the walls and ceiling can be used to reduce reflection and scattering. 
In the case of low receiving sensitivity or low transmitted power, it would gain more 
degree of robustness [22]. 


5.5.2.3 THz Chip-to-Chip Channel Characterization 


Chip-to-chip communication refers to communication between processors and mem- 
ories within a computerized system. For such systems, THz channels can offer ultra-high 
data rate over short distances with an extreme narrow bandwidth. Studying THz waves 
in chip-to-chip scenario would open new opportunities to evaluate THz frequencies in 
computerized motherboard components and characterizing the path loss and multipath 
propagation in order to test the feasibility of realizing chip-to-chip communications 
in the THz band [23]. A few studies have been conducted in characterizing the THz 
channels in chip-to-chip communications, which are considered a first step in developing 
a new revolution in designing ultra-high data rate embedded systems. For example, 
Alenka and Prateek [24] consider THz chip-to-chip channel characterization with a 
metal case. They focused on the redundant cavity and took in account the other objects 
in the cover as conductive objects [24]. The authors proposed geometry-based statistical 
spread scenario that describes chip-to-chip spread in metal containers filled with con- 
ductive objects to characterize the multipath fading in cavity. The study concluded that 
multiple reflections in the resonance cavity will delay energy and affect the correlation 
function. 

Other study conducted by Jinbang et al., characterized THz channel propagation in 
metal enclosures with a frequency up to 300 GHz [25]. The authors considered several 
scenarios, which included the study of LOS propagation inside a metal box and the 
study of the RNLOS model with and without an embedded memory unit as a reflective 
surface. In addition, they also studied LOS with a parallel plate structure as an obstacle, 
NLOS with a heat sink as an obstacle, and LOS on a programmable gate array (FPGA) 
plate. To clarify the concept of chip-to-chip THz channel characterization, here we con- 
sider only the general case of path loss and multipath characterization. According to the 
previous studies, the general case of path loss denoted by (PL) is related to transmitted 
power, gain of antennas used, and the received signal power. It also depends on the free 
space wavelength and distance of traveling signal. Inside the metal box, the metal box 
acts as a cavity resonator. New considerations are required for channel characterization 
related to resonant modes. For THz channel with a metal box cavity resonator, the elec- 
tric field transverse components E, = 0 for TE mode inside the cavity can be calculated 
as follows [25]: 


E, p Be cos 7 sin 5 sin z (5.16) 
mnp z 
iw k, H 

E, = l FEN > > sin a cos i sin ee (S17) 
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where Ho represents the arbitrary constant with units of A/m. The parameters m, n, and p 
are integers. K, is an eigenvalue calculating from a set of scalars associated with a linear 
system of equations to represent the characteristic roots of the wave mode in the metal 
box cavity in three dimensions. The resonant frequency can be expressed by the following 
equation [25]. 


-ï mY [aY p 2 
Fm =3 |») (2) +(2) (5.18) 


where parameters a, b, and c represent cavity height, length, and width, respectively. The 
time-invariant channel impulse response can be written as 


h(t,d)= $ <_ a (d)exp(j6, (d))5(t- a) (5.19) 


where L represents the number of multipath components, d represents the signal traveling 
distance, a, denoted for kth multipath component. @, and 7, represent the associated phase 
and kth path delay respectively. 6 is the Dirac delta function. The coherence bandwidth B. 
of the channel can be expressed as follows [25]: 


1 
Be (5.20) 
NT ims 
where T,,,, represents the RMS delay spread, which depends on mean excess delay T,, 


and the number of multipath components in addition to excess delay of the kth path. 
Through this general THz chip-to-chip channel characterization, it can be concluded 
that in LOS propagation inside the metal boxes for chips and motherboards components, 
the variation of received power respect to antenna height is related to the resonant TE 
modes. In this mode, the traveling waves between THz transceiver sides of the cavity 
would introduce a multipath, which would limit the coherence bandwidth [24]. In 
addition, the LOS THz propagation inside metal boxes would produces a variation in 
path loss due to different resonance modes that contribute to the received power. This 
can be considered as a combination of path loss of traveling waves and the variation of 
the received power due to the resonance modes. As an example of path loss variations, 
Figure 5.8 shows the comparison between measured and calculated theoretical path 
loss inside a metal box. 

For NLOS propagation inside the metal box, the traveling wave dominated the channel. 
The structure of parallel plates introduces multipaths that affects the THz channel. This 
effect may decrease in case the distance is increased by a few centimeters. Since THz fre- 
quencies have a large electrical dimension in the casing, any objects inside the box will 
reflect the signals, which will create resonant cavity from the box sides [24,25]. In a char- 
acteristic comparison of signal behavior inside metal box and in free space, it found that 
the resonating modes inside the cavity will reduce the mean path loss. However, the fre- 
quency band would fluctuate strongly due to traveling wave reflections. Figure 5.9 shows 
the non-line-of-sight (NLOS) path loss variations in the THz frequency, where a very high 
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Figure 5.8 Line-of-sight (LOS) path loss [dB] for six measurements between 0.3 and 0.312 THz frequencies. 
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Figure 5.9 Non-line-of-sight (NLOS) path loss six measurements between 0.3 and 0.312 THz frequencies. 


and the shape of the affecting shallow influencing the THz wave propagation. 


5.5.2.4 THz Channel Characteristics in Nano Communications 


Nano communication networks have evolved considerably with the revolution of nano- 
technology. This has led to the development of new device models on a nano-scale that 
are able to sense, compute, and store data, which would boost the nanotechnology 
applications in military, biomedicine, and industry. Nano-sensors in nano networks can 
interact with several environments such in biological and biomedical environment and or 
through what is known as molecular communication. Nanotechnology can be helpful to 
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observe the biology of living organisms that can involve the reaction of specific molecules, 
which act to release other molecules in response to some processes [57]. Medical diagnos- 
tics and treatment through accessing small and delicate body sites is another application 
of nano communications. All these applications can be handled in THz bands, which can 
enable data exchange between nano-machines in some applications such in nano medi- 
cine. It provides benefits especially in medical applications such as through indirect diag- 
nosis by propagating THz waves inside the real human tissue. Such applications encounter 
problems when using THz bands and the most important of them is path loss due to 
propagation through the skin. The path loss of THz channels in such an environment 
depends on water vapor. In nano-communication-based biomedical application, water 
vapor contributes to two path loss factors: the spreading path loss and absorption path 
loss. The THz wave’s expansion inside the tissue represents the spreading path loss, while 
the waves absorbed by the tissue are described as absorption path loss. The water vapor 
loss can be expressed in the following equation [57]: 


PLioiat = Ply: (f, d)+ Plats (f, d); all in dB (5.21) 
PLiotal = 20105{ $Z) + 10axdxloge (5.22) 
& 


where PL,,, and PL,,, represent the spreading path loss and absorption path loss respect- 
ively. f stands for the frequency and d the path length. K represents the extinction coeffi- 
cient. And a is given by 4nK/\. The absorption loss calculation is based on the extinction 
coefficient K, which is measured with an assumption that electromagnetic power is 
spreading in a spherical mode in a specific distance. 

Path loss in the THz channels on body or inside skin depends on the distance between 
Tx and Rx communication sides, where the distance is measured by millimeters [58]. The 
path loss due to propagation inside body can be expressed by Friis equation including 
random variations caused by different organs like lung, heart, or liver, which contribute 
to variations in dielectric properties along the propagation path. In such applications, the 
path loss would be increased dramatically with an increase in the propagation range in 
mm as shown in Figure 5.10. The figure shows how the variation of organs affects the 
propagation of THz waves between two scenarios of the deep tissue and body surface. 

In these scenarios, where there is a concentration of nonhomogeneous molecules, the 
molecular channel depends on the adaptation of diffusion process. The molecular concen- 
tration at the transmission side can be modulated according to the Fick’s diffusion laws. 
According to this law, the diffuse molecules follow the direction of the homogeneity of 
their concentration. Assuming this behavior, the signals propagate through the moving 
molecule by encoding the molecule concentration rate at the transmitter side. Channels 
would be able to delivering the signals at the receiver side according to the variations in 
molecular concentration [59]. 

Short-distance THz propagation problems are associated with molecular absorption 
loss and propagation path loss, in addition to the surrounding noise in the terahertz 
channel, which contributes to molecular noise. One side effect of concerns when utilizing 
the terahertz radiation for intra-body communication is the thermal effect on human 
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Figure 5.10 THz channel characterization for nano-communication-based human body tissues. 


tissues caused by the absorption. By using on-off keying modulation scheme in a short- 
distance environment, the molecular absorption does not influence the transmission link, 
which means that the body would be exposed to such radiation intermittently [60]. THz 
path loss limitations in the human tissue related to the spreading, absorption, scattering, 
and reflection are reviewed below [61]. 


A. Spreading: The first limitation is due to spreading loss in THz bands, which would 
reduce the transmission range of the future nano-devices. But THz bands are suit- 
able because of small transmission distances in millimeters, since increase in distance 
would increase the spreading loss. 

B. Absorption: The vibration motion due to excitation of molecules in any medium in 
the THz bands would push the molecule to cause some of the propagating wave 
energy to be converted into a kinetic one, which would be considered as a loss due to 
molecular absorption of a fraction of the radiation. 

C. Scattering: The attenuation scattering loss is measured according to the signal deflec- 
tion from its directed trajectory to other routes. All variation in THz waves due to its 
propagation through the tissue like the size, shape, refractive index of each distinguished 
particle, the wavelength relevant to the incident beam, and their implications on the 
wave propagation should be taken in consideration. 

D. Internal Reflection: The total internal reflection leads to reflection of the entire wave, 
preventing it from propagating to the desired medium. This limitation of THz band 
occurs when the wave is propagating from the wearable device into the implanted 
nano-sensors inside the human body. 
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For all the above limitations, the electrical properties of biological tissues in the oper- 
ating terahertz band must be taken into consideration in order to evolve a multiple layer 
propagation model. 


5.6 THz Channel Measurement Metrics 


Channel measurement of'THz radiation is an important issue, which helps to demonstrate 
the feasibility of using the THz band in telecommunications networks. In this section, we 
describe some of the required parameters for measurements in THz communication such 
as bandwidth, antenna directivity, distance, dynamic range, and Doppler frequency. These 
parameters must be accurately calculated when performing measurements to avoid misin- 
terpretation of the results [33]. 


5.6.1 THz Antenna Measurement 


Antenna measurement in THz bands is considered a sensitive metric especially for large 
and high-gain antennas. The far- and near-field measurements both play an important role 
in design requirements for THz band antennas. In addition, antenna tests using reflectors, 
lenses, holograms, and antenna arrays all determine the efficiency of the antenna and gain 
measurement. The propagation of THz waves from the antennas depends on the areas 
it propagates through, from reactive passing near the field zone to the far field, which is 
actually the target for measurements to drive the far-field distance. The measurement of 
THz antenna gains faces challenges due to high frequencies and power limitation. The 
measurements of the power density of the antenna radiation is the ratio of radiated power 
density P(0, p) to its average value over isotropic antenna. The directivity of antenna can 
be measured by the following equation [36]: 


P(6,9) 


Ded) = p, | (4nr?) 


(5.23) 


If no angular distribution is specified, then maximum directivity refers to maximum 
radiation power density, which can be calculated as follows: 


Pmax 
Dmax =r > 5.24 
max p, / (47r?) ( ) 


The large distance can deteriorate THz signals even if the antenna gain and directivity 
remain at a high level, because of signal attenuation and distortion, which distort accurate 
antenna measurements at large distances. Antenna directivity measurements at THz bands 
can be done at different conditions. Different methodologies can be used to evaluate 
antenna directivity. In addition the different THz frequency bands would change in radi- 
ation pattern directivity as shown in Figure 5.11 when 500, 800 and 1000 THz frequency 
bands are considered. 

The colorless rooms are used the study the effect of walls covered with absorbing 
materials so that they can be used to simulate free space conditions to calculate the absorp- 
tion for normal incidence of a wave. The reflector and edge diffraction calculations are 
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Figure 5.1 | Directivity radiation patterns using two angles (phi, theta) at three different frequencies (500, 
800, 1,000 THz). 


both methodologies related to what is known as antenna test ranges and both would affect 
the antenna directivity. For reflector surface requirement, for example, the RMS deviation 
less than 1/100 and 4.6 um at 650 GHz is required. The edge treatment of reflectors is 
required for reducing edge diffraction. In THz bands, the use of dielectric lens as a colli- 
mating element would contribute to an increase in antenna directivity [37]. 


5.6.2 THz Channel Distance Measurement 


For THz applications, one of the most required metrics is measuring the pulsed THz radi- 
ation along distances. The use of THz radiation on rough surfaces through different objects 
enables to detect the effects of long propagation over long distances. The propagation of 
THz bands through the optically rough large-scale surfaces, that is, plastics or metals 
surfaces will impede the optical distance from providing accurate measurements. The use 
of corner reflector fixed on the target enables to avoid THz signal scattering and ensure 
specular reflection. However, this method will make difficult the measurement of distances 
in open fields and shaped environments [38]. Since electromagnetic wave for terahertz 
(THz) radiation from 1 to 10 THz frequency lies between optical and electric wave bound- 
aries, it would possesses characteristics of both. The distance measurement for THz signals 
can be described by the THz impulse ranging possess, that is, by measurement of reflected 
THz pulse time. This measurement enables to count the precise distance because of very 


THz Channel Characteristics & Measurements 155 


short pulse duration in picoseconds, which can used to measure the distance from objects 
[39]. In impulse ranging method, reflected pulse time delay relative to original signal time 
enables measurement of the target distance. For such calculations, the THz pulse train’s 
spatial period denoted by Lsp can be determined by the following equation [39]: 


Esp = CE (5.25) 
2Ng 


where T is the pulse period. N, represents the refractive index number for the propagating 
THz medium. C denotes the velocity of light in vacuum y. Ng is assumed to be 1 in case of 
THz pulse propagation in air. In case the target distance becomes shorter than THz pulse 
train spatial period (Lsp), distance d can be determined as follows [39]: 


d= Co (5.26) 
2Ng 


where $ denotes time delay. In case the distance (d) exceeds the THz pulse train spatial 
period Lsp, the measured THz pulse order should be considered. Then 4 changed by (mT + $) 
to represents THz pulse time delay relative to sum frequency generation signal nearest 
in time. 


5.6.3 THz Channel Spectrum Capacity 


The bandwidth of THz band varies between several tens of gigahertz and several tens of 
terahertz. It provides a large spectrum density in wireless communication systems. The 
transmission speed of tens gigabits is much faster than any currently used technology [26]. 
The THz pulse bandwidth can be represented by quality factor (Q) or relative bandwidth 
(of). The following equation is used to find the quality factor [34]: 


Q=1/of=f./ Af (5.27) 


where Af denotes the bandwidth. f. represents the frequency carrier. The relative energy 
bandwidth is given by of / V2. 

Signal-to-noise ratio (SNR) is important to calculate bandwidth capacity by using 
the Shannon formula. To analyze capacity for the THz band, the capacity of the given 
bandwidth should be estimated. To calculate channel capacity by using signal-to-noise 
ratio (SNR), the following equation is used, which is based on the Shannon-Hartley the- 
orem [35]: 


C=B log, (1+ 3%) (5.28) 


This formula shows the importance of SNR in calculating channel capacity. Channel cap- 
acity is defined with a given SNR value in a certain network. Shannon capacity is referred 
to speed of received messages in communication systems, and it depends on the bandwidth 
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(B) and SNR. Signal to interference plus noise ratio (SINR) is used to measure the per- 
centage of signal power of interest received at receiver [35]. 


5.6.4 THz Channel Dynamic Range 


Theoretically, channel dynamic range (DR) is known as the ratio between highest and 
lowest measurable signals. It is used to determine the bandwidth, while the SNR measures 
the sensitivity, which enables the maximum change in the signal to be measured. The 
channel dynamic range in practical measurement represents the ratio of maximum mag- 
nitude of amplitude to noise floor’s root-mean-square (rms). The DR could be found by 
equation [40] 


Lo 


rms 


where lAmaxl represents the maximum magnitude of amplitude. NF, denotes the noise 
floor rms. 

The dynamic range for THz signals enables to determine the largest absorption coef- 
ficient in transmission measurements. The dynamic range system enhancement can be 
obtained by increasing the THz transmitted power or by decreasing noise floor of the 
system. When signal is attenuated to a level equal to the noise floor, the largest absorption 
coefficient can be measured with a given corresponding dynamic range [40]. In general, 
there is no direct relationship between the estimated parameters of DR and SNR in time- 
domain signals. Both the DR and SNR of the spectral data are strongly dependent on 
frequency, and they usually decline sharply with the frequency [40]. Estimations of THz 
dynamic range and SNR in time domain depend on the time-domain waveform, and noise 
signal in absence of THz. DR can be calculated as a ratio between the measured peak’s 
mean value and noisy signal’s standard deviation, while SNR is determined by the ratio 
between the measured peak’s mean value and its standard deviation. The estimation of 
THz DR through amplitude spectrum calculation is based on the given DR relative to the 
ratio between mean amplitude and noise floor [41]. 


5.6.5 THz Doppler Frequency Characteristics 


The Doppler effect appears when electromagnetic wave propagating with a frequency fo 
hits a movable object. The frequency of reflected wave can be found by fı = fo + fp where 
fo is Doppler shift. By Doppler effect, when using THz frequencies, wavelength (A) is 
very small and any short distance traveled by a moving object would lead to a big shift 
in frequency. This effect would be observed as well when source of THz signal is moving. 
Doppler shift would have more impact on the receiver side than signals with lower fre- 
quencies [18]. Equation (5.30) is used for Doppler shift calculation when source wave is 
moving toward the receiver at rest [42]: 
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where f represents transmitted wave frequency, v is source velocity, and c represents the 
speed of light. The Doppler shift is proportional to transmitted wave frequency and this 
frequency is very high because it is in the THz band. So Doppler shift would be very high 
as well. The signal may fall in a peak due to attenuation and communication would be 
totally lost. To avoid this problem, the transmission window must be chosen carefully. 


5.7 Methodologies of THz Channel Measurement 


THz waves present many important properties that have an influence on many science 
applications. The characteristics of THz spectra are evaluated via different measurement 
methodologies. This section reviews various measurements related to THz channel and 
their performance in brief. Parameters such as dynamic range (DR) and signal-to-noise 
ratio (SNR) are considered as major factors affecting the accuracy of THz measurements. 
The THz channel measurement methodologies can be used to measure different factors 
and characteristics such as reflection and diffraction, special and broadband channel, 
MIMO and intra-device THz channels, which enable us to evaluate the use of THz bands 
in different applications. 


5.7.1 Reflection and Diffraction Measurements 


In THz bands, the prediction of THz system performance depends on ray tracing methods. 
In this method, the channel transfer function is measured to obtain an accurate infor- 
mation about reflection properties in addition to determining the proper modeling of 
scattering and diffraction effects. Reflection in transmission during dielectric objects is 
considered as an important propagation mechanism that depends on frequency, because 
frequency varies with dielectric properties of materials, which affect the reflection and 
transmission coefficients of the material object. The transmission during dielectric layer 
(To) is determined by the following equation [18]: 


oo all (5.31) 

1 + pupe itt) 
where T and p represent the transmission and reflection coefficients respectively, subscripts 
1 and 2 represent medium air and dielectric, respectively. a(f) represents the dielec- 
tric frequency-dependent electrical length with an angle 6, with layer as shown in the 
equation [18]. 


gues File, diayecos O (5.32) 
Co 


where dayer indicates the geometrical width of the layer. For the measurement of THz 
signal reflection, NLOS propagation can be demonstrated in the indoor surface, which can 
produce a directional reflected beam that relies on a specular reflection from rough sur- 
face. Figure 5.12 shows the implementation of the reflection channel characterization 
measurement system. In order to measure THz signal loss during reflection, transmitter 
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Figure 5.12 Reflection measurement setup configuration with rough surface and polarizers. 


and receiver antennas can be mounted on moving bars with respect to the point of reflec- 
tion on the surface to enable adjustment of the incident angle. 

Fresnel analysis can be used to calculate reflection coefficient parameters according to 
surface roughness [20]. This measurement method can be used to characterize the THz 
beam pattern reflection from surface in LOS and specular NLOS paths. 

Diffraction is another propagation mechanism, which would help in modeling the 
THz NLOS path. In diffraction, signals can travel in an NLOS environment and can be 
diffracted at edge of building, tree, window, or because of any other obstacle. When elec- 
tromagnetic wave hits the obstacle between the transmitter and the receiver, then direction 
of wave would change into a shadow region. This phenomenon is known as the diffraction 
or knife-edge effect [18]. The diffraction by a half-plane, scattered field complex-value 
amplitude at distance r with a sinusoidal incident field x; = A,e’)is given by equation [18]. 


x(j@)= Agel*reos®-20) F(/2ker cos(Ø -D )) + Apero) B( /2kr cos(D + Dy )) (5.33) 


co 


where F(x) = (ei (77/4)/ (Ym) le» du, k = @/ cy is the wave number, and the minus signs 
indicate direction of polarization in the incident field. Ø is an incident angle and Ø is 
the observation angle. Figure 5.13 shows the geometry of the knife-edge measurements 
system, where in a knife-edge diffraction, obstacles would contribute to diffract THz 
signals and generate a secondary radiation source. The second radiation source puts THz 
signals in a shadow region of obstacles. The knife-edged path can be calculated depending 
on diffraction angle © and Fresnel parameters related to distances d, and d, between 
diffraction region and transmitter and receiver antennas, respectively, in addition to the 
height of knife-edge measured from LOS path. 
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Figure 5.13 Knife-edge measurements system geometry with width 2R and theta angle. 
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Figure 5.14 THz measurement for transceiver system block diagram with transmission frequency band 
290-310 GHz. 


5.7.2 Spatial THz Channel Measurement 


For channel measurements and transmission experiments in the frequency of THz range 
band, the system contains a specific type of transmitter and receiver modules, which can 
be used to measure many spatial measurement tasks. Such system is designed to measure 
channel characteristics for indoor THz systems like multi-path propagation, scattering and 
diffraction analysis, and evaluation of appropriate modulation techniques. Figure 5.14 
shows a THz measurement system’s block diagram, which consists of two transmitters 
and detectors with a Schottky mixer operating on a second harmonic and local dielectric 
resonator oscillator, which is tripled in frequency twice [43]. 

Vector network analyzer (VNA) with the frequency extension module can be used to 
measure in THz frequency range between 27 and 325 GHz. VNA enable to measure the 
scattering parameter of transmission between TX output and RX input. The channel 
transfer function between transmission and reception sides can be measured at the fre- 
quency equal to 300 GHz + fi according to the adjustment of stimulus signal frequency 
range (fes) between 10 MHz and 10 GHz. To avoid multiple reflections in the transceiver 
modules, the modules can be equipped by an absorber panel in the front, and the horn 
antennas can be adjusted steering through it. 

For spatial channel variation measurements in different sub-bands, it can be done at 
the field by observing different points within a specific area and evaluating the results 
observed from a group of measurement stations. In addition, the use of ray tracer will 
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enable to obtain accurate spatial channel properties and details about path characteristics 
information. Ray tracer can enable very good prediction at low terahertz frequency [44]. 
In multipath propagation through rough surfaces, the THz waves propagating on the 
rough surface are composed of reflected or coherent rays in a specular direction in add- 
ition to other scattered rays with a diffraction phenomenon. According to ray-tracing 
methodology, measuring special channel can be done using the following equations for 
reflected ray, scattered ray, and diffracted ray respectively [45]. 


PS. 
raf (r1+ 72) 


Href(f) = | 


Jerse acs : R(f) (5.34) 


where H,,,(f) represents the scattered propagation frequency-dependent transfer function. 
rı and r, represent the distances between transmitter and reflector, between reflector and 
receiver, respectively. Tf = Tros +(%+1—-r)/c denoted the time of arrival of the reflected 
ray. R(f) represents the Rayleigh roughness factor [45]. The refection propagations that 
are described as a scattered ray propagation transfer function is given by the following 
equation: 


SLC S 
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H.a (f)= | 


emana -S(f) (5.35) 


where T ef = Thos + (S1 + $2 — r)/c denotes the scattered ray arrival time. S(f) represents the 
rough surface scattering coefficient [45]. The diffracted propagation that describes the 
diffraction channel transfer function is given by the following equation: 


C PA PENS 
Hai =| — ~ | 9-2 af tif -0.5k(f)(d1+d2) . [| 3 
alf) aa (£) (5.36) 


where d, and d, represent A the distances between transmitter and diffracting point, 
between diffracting point and receiver, respectively. ty, represents the diffracted ray arrival 
time and equal to Tis + Ad/c. L(f) represents the diffraction coefficient, which characterizes 
the LoS propagation attenuation. 

According to above measurements, the direct rays in the LoS THz channel propagation 
will control the energy of the received signal, while in NLoS propagation, the reflected 
rays will take such a control. In the case of any increase in the frequencies, the propaga- 
tion surface is considered more rough, which would result in THz signals spreading more 
energy out of the specular direction. Therefore, it is necessary to include scattered rays in 
ray tracing modules at both LOS and NLOS propagation conditions. 


5.7.3 Measurement of Broadband Characteristics 


Broadband radio channel measurements can be performed by lamellar interferometer, 
which has a variable depth binary grating. It operates in a diffraction pattern and uses a 
Fourier spectrometer at the beam splitter for the purpose of wave amplitude splitting [46]. 
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Figure 5.15 Moveable lamellar mirror acts as beam-splitter measurement with 90 degree parabolic mirrors. 


As shown in Figure 5.15, a moveable lamellar mirror works to split the beams, where 
lamellar interferometer separates wavefront by letting one half of the beam to be reflected 
by front mirrors and the second half of beam to be reflected by back movable mirrors. The 
difference between the two separated waves can be determined by the distance between 
the two mirror sets. 

This measurement system provides suitable detector for bandwidths up to 10 THz and 
is capable of detecting higher harmonics. It also measures the spectral emission profile for 
THz broadband as well as for free-space sources. In lamellar interferometer measurement 
systems, the design of mirrors must meet the considerations related to the range of wave- 
length bands that would be measured. These considerations depend on the estimations of 
minimum measurable wavelength according to diffraction orders. The sensitivity of esti- 
mation calculation depends on the ratio between the maximum and minimum wavelengths 
denoted by NP= \max/ Amins and according to the number of points in each half of lamellar 
mirror. To avoid polarization effects in the long wavelength, the height of the mirrors 
should be bigger than double max wavelengths, P > 2Amax [47]. 

In general, lamellar interferometer enables to measure both the pulsed and continued 
THz broadband and is capable of characterizing the sources and detectors of the THz 
broadband. In order to characterize the broadband of wide-band THz beams, it must be 
ensured that the splitter has a wide bandwidth and low sensitivity to polarization. In add- 
ition, the characterization process should be free from any constant internal waves. The 
THz sources also should have reduced energy to avoid loss of throughput. 


5.7.4 MIMO THz Channel Measurements 


MIMO techniques can incorporate the THz band communication to enhance data rate, 
throughput, and system reliability. MIMO techniques provide high data rate without 
expanding the system bandwidth. The measurement of MIMO-based THz frequency band 
channel for testbed specification and MIMO measurements are important for system per- 
formance estimation [48]. The implementation of MIMO channel testbed can be performed 
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Figure 5.16 Measurement of 2x2 MIMO system with channel separation network and 298-313 GHz band. 


by VNA. VNA acts like a broadband system extending the frequency up to 300 GHz by 
using extra modules based on sub-harmonic mixers. The mixers translate the frequency 
measurement of VNA in range from 298 to 313 GHz, interacting like an antenna array to 
characterize the MIMO channel. For example, Figure 5.16 shows the measurement of 2x2 
THz band MIMO system by determining the transmitter channel responses in channel 1 
and in channel 2 as cross-channel interference caused by transmitter 1. The transmitter 2 
frequency response is recorded at both receivers’ antenna locations, which act as a virtual 
array [49]. Figure 5.16 presents measured 2x2 THz band MIMO channel response, which 
can be observed by an eye probe at the end of channel separation network. 

THz-band MIMO channels are more suitable for spatial LOS diversity [62] and con- 
ventional low-frequency MIMO is more convenient for NLOS multiple signals because in 
THz bands, multipath signals would attenuate the received signal. On the other hand, the 
small antenna size makes LoS MIMO more suitable for terahertz applications, where a 
large number of antenna elements can be placed next to a small area to create multiple par- 
allel channels. Also, the high directivity of these antennas reduces the interference between 
channels from nearby and close transmitters to be very small. In THz band LOS MIMO, 
the separation between antennas ensures distinguishing multiple transmitters according 


f f [R xÀ ; 
to distances. Antenna separation can be measured by D = N where D is the antenna 


separation, R represents the distance between source and destination. A denotes carrier 
frequency wavelength and N the number of antenna elements at the receiver [50]. 


5.7.5 THz Intra-Device Channel Measurement 


For intra-device communications, the synchronization of effective memory chip components 
is challenging as the number of memory cores are growing in a multi-level memory hier- 
archy and multicore architectures. This challenge is solved by network on chip (NoC) 
technology. This technology enables to replace the network communication bus by a com- 
plex topology. The use of wireless network on chip (WNOC) enables the chip components 
to interact in efficient way. Moreover the existence of memory coherence protocols allows 
interaction as a broadcast [51]. THz-based short-range communications promise to con- 
serve large resources and deal with bandwidth delay for critical communications within 
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the chip. The short THz wavelengths enable to operate intra-device communications by 
integrated antennas for chip-to-chip applications. For such communication systems, there 
is a need to determine the diffusion properties with structures and materials typical of 
internal device connections, which help to develop an appropriate propagation model 
and software design tools [52]. The environment of intra-devices includes many features 
related to wavelength and antenna types used, which contribute significantly to setting 
limits for the use of high THz frequencies, especially in full-wave run time and memory 
requirements. 

Intra-device THz channels consist of materials and coatings as well as electronic building 
parts throughout the surfaces of printed circuit boards (PCBs). The measurements of reflec- 
tion processes at PCB surfaces can be obtained by a vector network analyzer, which is used 
to simulate propagation based on THz ray tracing in intra-device communications. In a 
THz intra-device communication, the most important measurement is to evaluate channel 
status in PCB scattering and reflection behaviors that depend on the superposition of mul- 
tiple diffuse reflection processes on the surface of the PCB. Measurements can be handled 
by using ray tracing considering the inputs of the measurement system are the coordinates 
of transceiver positions as well as the specular reflection point of the considered propaga- 
tion path. The output of measurements is reflected field components. These components are 
based on amplitude coefficient and frequency-dependent phase angle. The measurements 
depends on path delay in addition to azimuth and elevation angular coordinates relative 
to the propagation path according to ray-tracing methodology. 

The PCB scattering can be calculated depending on the distance between transceiver pro- 
jection and the scaling factor of reflection processes area, in addition to amplitude distri- 
bution in the scattering region and total reflectivity of the PCB denoted by (Rpcg). The total 
amplitude A; of the generated scattering process can be calculated by the equation [53]. 


PERI ME (5.37) 
a 


where A represents the relative amplitude over the radius of the semi-major axis length 
for the wave incidence plane. The factor b/a scales the amplitudes inversely proportional 
to the sine of the angle of the incident waves. A is calculated from two introduced ampli- 
tude modifiers depending on the distance between specular reflection and actual scattering 
point, in addition to shape parameters in certain direction according to the angle phase 


A 
©. The angle phases of the scattering processes © can be found by exp(-2 nf rm where A 
o 


denotes the path difference and Co represents the speed of light. 


5.8 THz Channel Measurement Versus Channel Analysis 


To evaluate the THz channel behavior based on the transmitted impulses, the received 
pulses should be investigated according to received pulse measurements and received pulse 
analysis. In measurements, the distance, temperature, and pressure all play an important 
role in the calculations. For molecular absorption, measurements should consider the 
composition of a medium control for setting the channel medium. Relative humidity 
(RH), together with the previously mentioned parameters, all show the relative degree of 
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contribution to the selective fading of the broadband signal frequency. By taking several 
measurements to calculate the effects of different relative humidity values in the received 
pulse, analytical results can be obtained from the transmitted signal, or can be obtained 
from the impulse responses in minimum or linear phase [54]. In order to compare between 
THz frequency band with highest selectivity, measurements must be taken in higher fre- 
quencies, which may be difficult to measure because of limitations in the measurement 
equipment. By another way, it can be obtained by comparing the analysis of received pulses 
that are provided by impulse responses with minimum phase and linear phase responses. 

Generally, experimentation and measurements in THz band is a bit tricky due to the 
very small wavelengths and strong signal attenuation that depends on propagations 
ranges. As illustrated before, in short distances difficulty in measurements arise due to 
the limitation of measurement devices. For outdoor THz scenario in the range of more 
than 100 m measurement of wideband, the channel characteristics are limited to path 
and atmospheric attenuation loss in LOS mode. The LOS requires more accurate testbed 
specifications with a measurement tools such like VNA [55]. For the analysis of channel 
characteristics, different aspects are important and should be taken into account. These 
aspects are power reception, which depends on path loss distance, multipath reflection 
delay and inter-symbol interference (ISI). In addition, K factor describes the ratio of fixed 
and fluctuating power components related to gain for radio environments [56]. 


5.9 Conclusions 


Recently, THz bands have received increasing attention for many new applications that 
require ultra-wide-band communications and very high data rates in a short range. 
Implementation of THz communication requires various studies and evaluations in order 
to assess different THz fchannel and propagation issues. This chapter introduced THz band 
channel characterization and measurements, taking into consideration many parameters 
in detail such as path loss, attenuation, and fading, which are influenced by additional 
atmospheric and molecular absorption. The chapter also provided a brief review of the 
environmental aspects of THz wave propagation such as scattering, absorption, and 
refraction loss in indoor and outdoor environments. Channel capacity performance, spec- 
tral efficiency, and signal energy under the LOS and NLOS propagation conditions were 
also discussed. The THz band relatively has asymmetric parameters due to frequency- 
dependent behavior with resonant peaks at specific frequencies. In literature, there are 
many discussions related to THz channel impairments in nano communications. That is, 
some experiments were conducted for THz channel modeling in deterministic and prob- 
abilistic approaches. 
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6.1 Introduction 


In the age of telecommunications, numerous frequencies of the electromagnetic spectrum 
are used to transmit data and voice using telecommunication equipment. But that does not 
mean that we have already explored the whole spectrum. There is an untapped area in the 
wide range of frequencies — far-infrared, better known as terahertz radiation — allowing the 
construction of short-range data communication networks up to n times faster than today 
(Musey and Keener 2018; Reichel et al. 2019; Morohashi et al. 2016; Nakagawa et al. 
2018; Kleine-Ostmann and Nagatsuma 2011; Song and Nagatsuma 2011). 

The line that separates the two antennas is called line of sight (LOS), which is a type of 
propagation allowing transmission and reception of data. Here transmission and reception 
antennas do not have any type of obstacle between them. There are three main categories 
of sight lines: (i) the “full sight” where there are no obstacles between the two antennas; 
(ii) the “partial line of sight” or “partial sight” (nLOS) where there are partial obstacles 
such as a tree canopy between the two antennas; and (iii) the “covert line of sight” or 
“non-line of sight” (NLOS) where there is a total obstruction between the two antennas. 
Ascertaining line of sight environment determines the correct type of wireless system to 
use (Liu et al. 2016). 
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Radio transmission in a communication system may occur on an uneven ground. The 
terrain profile should be analyzed to estimate the received power attenuation between 
the two radios. The terrain profile may vary from a simple curved earth profile (due to 
the analysis of radio wave propagation in the atmosphere, the beam is considered to 
have no curvature, that is, the beam is represented in a straight line and the curvature of 
the earth) to a mountain profile. Several factors should also be considered, such as the 
presence of trees, buildings, and other obstacles in the line of sight (Popoola et al. 2018). 

For wireless installations indoors, it is relevant to take into account obstacles such as 
ceilings, walls, and even furniture that will affect the line of sight and hence the reception of 
signals. In wireless transmissions (e.g., IEEE 802.11), reflection (wireless signals hit a phys- 
ical object) and multipathing (digital signals travel in different paths, reaching the receiver 
at distinct times) are significant problems reducing the strength of the digital signal to be 
used and obstructing the successful installation of the system. A digital signal has peaks 
and valleys in its amplitude and change in its polarization (horizontal or vertical) when it 
propagates through ceilings, walls, and reflected in metallic physical objects. A “full line of 
sight” is a significant element for wireless installations (Kildal 2015; Popoola et al. 2018). 

Line of sight can be understood as a characteristic of radio signal transmission and recep- 
tion, typical of radio frequencies commonly used in aeronautical telecommunications and 
air traffic surveillance radars. It means that the transmission or reception takes place in a 
straight line and not hindered by any obstacles such as light or human vision. Therefore, 
buildings, hills, or the curvature of the earth itself may impose range limits or even prevent 
radar communication or detection. It is a line that joins the observer with the object or 
reference (Kildal 2015). 

Path LOS is another field of interest when dealing with LOS. Although 2.4 GHz digital 
signals pass through the walls, they have trouble passing through leaves and trees due to 
water contained in them, and the trees and leaves by themselves consist of an obstruc- 
tion. Still assuming that walls are dry and the trees contain high fluid levels and or even 
considering that radio waves in the 2.4 GHz digital band are easily absorbed by water, 
900 MHz frequencies are best for “partial line of sight” and “covered line of sight” 
circumstances, with trees as obstacles, as waves at this frequency are poorly absorbed 
compared to 2.4 GHz (Yang 2019). 

Point-to-multipoint systems have a central access point connected with various other 
points in distinct environments, generating an effective and wide data transmission net- 
work controlled by the principal station. This type of network enables direct commu- 
nication between subordinate stations (subscriber modules), providing high-speed data 
links with ample coverage space. Using state-of-the-art technology, point-to-multipoint 
data transmission systems can operate over dedicated links, ensuring stability and speed 
of communication, supporting important business services such as real-time video trans- 
mission (videoconferencing) and voice over IP protocol (VoIP) services (Wu et al. 2018). 

One of the main advantages of using a point-to-multipoint wireless data transmission 
system is its low cost of ownership. With a simple network design made up of small groups 
of equipment, these systems are quick and easy to install. System operation and mainten- 
ance also take place through simple processes, reducing costs for its users. Another advan- 
tage of this type of data-link connection is its great scalability. In this way, it is possible to 
adapt the system to possible evolutions, increasing its throughput capacity and its reach 
power (Taori et al. 2015). 
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In this type of scenario, they are expected to offer high performance in both LOS (direct 
line of sight), nLOS (near-line of sight), and NLOS (no line of sight) connections and are 
recommended for any kind of environment, from suburban areas and rural locations to 
urban environments that present a large amount of obstacles (Musey and Keener 2018). 

WiMAX was developed as an IEEE 802.16 standard, providing wireless services, which 
is also known as unguided. Its frequency ranges from 10 to 66 GHz, allowing direct 
sighting, which in this case is very important to enable wireless communication in open 
environments, even in regions with obstacles such as vegetation. WiMAX has a baud 
rate of up to 70 Mbps and a range of up to 50 km, and its standard may use licensed or 
unlicensed spectrum, thus providing unguided Internet services to users using high data 
rates (Ahson and Ilyas 2018a). 

Its structure is based on WMAN, enabling wireless broadband services within a building 
and can be shared with multiple Wi-Fi networks in different locations, regions, or even 
cities with the cell-like operation performed by a base station that serves to stabilize 
the wireless link to the subscriber, such as universal mobile telecommunication systems 
(UMTS) technology. Thus, WiMAX can be a point-to-point (LOS) connection, while 
between the subscriber and the base station, it is possible that this becomes a NLOS or 
even point to multipoint connection (Adediran et al. 2016). 

In this scenario, efforts in pursuit of interoperability standards were made, where the 
Wireless National Electronics Systems Testbed (N-West) convened a meeting in 1998 on 
the requirements for an interoperability standard that was generated in the IEEE 802 
standard. After much effort, the configuration of the IEEE 802.16 standard was defined. 
Primarily, the principal objective was to create the radio interface for using the 10-66 GHz 
band spectrum, which also supported the system’s broadband LOS point-to-multipoint 
(PMP) wireless base (Kiokes et al. 2015; Kleine-Ostmann and Nagatsuma 2011; (Song 
and Nagatsuma 2011). 

The standard has changed the IEEE 802.16 base using a 2-11 GHz frequency band 
that aggregates both free license and licensed frequency bands. Just the addition of low 
frequencies below 11 GHz, in this sense, makes NLOS digital communication possible. 
NLOS methods led to multipath propagation effects, which were overcome by adapting 
multipath modulation techniques in the physical layer (Ali and Hassanein 2018). 

The terahertz band (0.3-10 THz) is the forthcoming mode in wireless digital 
communications since it allows the unlocking of significantly wider segments of unused 
bandwidth. Terahertz (THz) transmission is a complimentary wireless technology for 
communication networks, which enables the high-speed wireless extension of optical 
fibers to Beyond SG (future generation of mobile telecommunication). This new tech- 
nology promises faster data transfer. Wireless communication devices currently operate 
on microwave frequencies; however, as the demand for faster filters and larger data bands 
emerges, it is necessary to look for ways to alleviate or remove bottlenecks in the commu- 
nication (Morohashi et al. 2016; Nakagawa et al. 2018; Kleine-Ostmann and Nagatsuma 
2011; Song and Nagatsuma 2011; Sirenko and Velychko 2016; Cacciapuoti et al. 2018; 
Rappaport et al. 2019; Rangan et al. 2014; MacCartney and Rappaport 2019; Sun 
et al. 2017). 

In the future, users in remote or rural regions, that is, in regions with difficult access such 
as mountains and/or islands, may be able to have a connection reaching high data rates 
of up to 10 Gbit/s for each user. THz communications are expected to allow continuous 
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connection between ultra-high-speed wired networks, that is, fiber optic links and wireless 
devices (users), mobile devices such as tablets, smartphones, even laptops, achieving greater 
convergence and transparency between rates among wireless and wired links (Morohashi 
et al. 2016; Nakagawa et al. 2018; Kleine-Ostmann and Nagatsuma 2011; Song and 
Nagatsuma 2011; Sirenko and Velychko 2016; Cacciapuoti et al. 2018; Rappaport et al. 
2019; Rangan et al. 2014; MacCartney and Rappaport 2019; Sun et al. 2017). 

It is impracticable or very expensive to think that only fiber optic solutions will solve 
this emerging need for broadband, but complementary technology solutions are also avail- 
able. Terahertz transmission as an extension of wireless optical fiber backhaul can and will 
be an important element to be employed in this type of scenario to ensure greater access to 
high-speed Internet anywhere beyond 5G. This will favor the employment of bandwidth- 
intensive applications between mobile and static users, especially in internal and local 
access scenarios (Morohashi et al. 2016; Nakagawa et al. 2018; Kleine-Ostmann and 
Nagatsuma 2011; Song and Nagatsuma 2011; Sirenko and Velychko 2016; Cacciapuoti 
et al. 2018; Rappaport et al. 2019; Rangan et al. 2014; MacCartney and Rappaport 2019; 
Sun et al. 2017). 

This chapter provides a scientific discussion and overview of terahertz communication 
networks and propagation properties such as LOS, nLOS, and LOS. Addressing their key 
points assumes importance, as they are a complex and heterogeneous concept affecting the 
efficiency of wireless terahertz communication networks. 

Therefore, this chapter provides an overview of terahertz communication networks, 
in particular LOS and NLOS propagation and related techniques. The relationship and 
integrations of LOS and NLOS are also discussed using the relevant bibliography that has 
explained the potential of both these technologies. 

The present chapter is structured as follows: Section 6.2 discusses terahertz communi- 
cation concepts. Section 6.3 presents a thematic discussion about fiber optics of terahertz 
communication. Section 6.4 discusses wireless terahertz communication networks. Section 
6.5 presents an overview of LOS, nLOS, and NLOS. Section 6.6 presents the evolution of 
research focusing on terahertz communication over the past seven years, through a scien- 
tific review with research that highlighted the themes according to the view of the authors. 
Section 6.7 presents a discussion on the theme of Terahertz Communication Networks 
and LOS and NLOS Propagation Techniques. In Section 6.8 the conclusions are presented 
and finally in Section 6.9 future trends for terahertz communication are presented. 


6.2 Concepts of Terahertz Communication 


X-rays, gamma rays, ultraviolet rays, and microwaves are popular forms of electromag- 
netic radiation, but the infrared radiation also belongs to the electromagnetic spectrum 
and manifests itself in the form of heat. And between the microwave and infrared range, 
there is a zone that has been scientifically and technologically explored, called terahertz 
radiation, or T-rays (Sirenko and Velychko 2016; Kleine-Ostmann and Nagatsuma 2011; 
Song and Nagatsuma 2011). 

The frequency range of this radiation, between 0.3 and 3 trillion hertz, is known to 
operate in terahertz part of the spectrum; therefore the T-rays have a frequency between 
0.3 and 3 terahertz. Terahertz radiation is located between microwave and infrared radi- 
ation, at frequencies between 300 billion and 3 trillion cycles per second. In terms of 


THz Communication Networks: LOS and NLOS 173 


wavelength, the T-rays range from 1,000 at 100 micrometers at the twin frequency units. 
Many of the analytical applications of T-radiation are similar to those obtained with 
infrared, but often in the gigahertz range. It is only capable of producing rotations in 
molecules, and the upper infrared, more often higher than 10 terahertz, is capable of pro- 
ducing vibrations resulting from intermolecular interactions (Sellers 2018; Reichel et al. 
2019; Morohashi et al. 2016; Nakagawa et al. 2018; Kleine-Ostmann and Nagatsuma 
2011; Song and Nagatsuma 2011). 

In the past decade, advances in photonics and microelectronics have enabled many 
developments in this spectrum range. As a result, there has been a growing academic 
and industrial interest in exploring potential applications, since terahertz radiation has 
unique properties that enable multiple uses, among others. These properties include the 
broad spectral range and high bandwidth for communications. Terahertz radiation can 
accomplish both simultaneously, and the application of THz technology has become 
a reality supported by advances in the development of sources and detectors based on 
microelectronics and ultra-fast lasers (Png 2010; Reichel et al. 2019; Morohashi et al. 
2016; Nakagawa et al. 2018; Nagatsuma et al. 2013, 2016). 

For high-brightness, high-frequency T-beams to be produced, it is important to use a 
femtosecond laser (a femtosecond is one quadrillionth of a second). When a pulse emitted 
by the laser hits a photoconductive antenna, the material that emits electrical pulses 
when illuminated releases pulses with frequencies between 300 GHz and 10 THz. Just 
as interesting is the fact that small technical modifications to the circuit structure make 
a sender antenna a receiver. The sender and receiver are two important elements for the 
operation of T-ray equipment (Musey and Keener 2018; Sellers 2018; Reichel et al. 2019; 
Morohashi et al. 2016; Nakagawa et al. 2018; Nagatsuma et al. 2013, 2016). 

Since the first demonstration of THz signal generation from ultrashort laser pulses, much 
advances have been made in the development of THz sources, where advanced quantum 
cascade laser-based THz sources with THz signal generation technique by optical grinding 
on special materials and in the design of photoconductive antennas allow THz signal 
generation ranging from about 0.1 to 5 THz with low cost and excellent portability. The 
boundary of research on THz sources currently resides in high-power signal generation. 
Since current techniques allow the generation of highly directional and ultra-wide inten- 
sity THz fields, approximately from 0.1 to 10 THz, as well as sources based on ultrashort 
laser pulses, lasting for sub-femtoseconds, they generate the possibility of bandwidths of 
approximately 0.1 to 100 THz (Wang et al. 2018) (Nagatsuma et al. 2013, 2016). 


6.3 Terahertz’s Communication Fiber Optics 


In this section optical fibers, which are exceptional and allow a high-speed data trans- 
mission with minimal levels of data loss, are covered. Whereas in wireless terahertz, high 
data rate with latency tends to be minimal, and optical fibers consist of glass, the speed of 
light reduces in the fibers. This makes optical fibers unsuitable for certain applications that 
demand real-time responses since in certain situations it is necessary to balance between 
“minimum latency” (microwave links) and “high data rate” (optical fiber). However, with 
wireless terahertz communication, it is possible to have light-speed links with minimal 
latency, supporting fiber data rates. This shows the importance of fiber optics as a means 
of transmission within the terahertz communication networks. 
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Optical fiber is a cylindrical light guide made of two concentric crystalline materials. 
The two materials make up what is called the core and shell of the optical fiber, which 
differs in refractive indexes. It is the means by which the light power injected by the light 
emitter is transmitted to the photodetector. They are characterized by their operation in 
spectral regions where attenuation is minimal (Wang et al. 2018). 

The high-transmission-capacity fibers have silica (SiO) as the raw material. In the first 
stage of manufacture using silica, the tube is made, forming the shell of the fiber. Inside this 
pure silica tube, gases (SiCl,, GeCl,) are injected to compose the core, where the concen- 
tration of these materials is controlled to obtain the desired refractive index (Yamamoto 
et al. 2016). 

Today’s optical fibers are widely used in short- and long-distance communication 
systems due to several advantages such as bandwidth, having a potential use in the range 
on the order of 1,012 Hz (1 THz). The capacity of optical fibers increases when used 
in transmission. Using wavelength division methods, the same fiber may carry different 
signals, each with a specific frame: (i) low attenuation, related to the characteristics of the 
fibers as the links of communication systems require few repeaters or regenerators, and the 
largest attenuations are due to couplers (connections) and splices; (ii) immunity to electro- 
magnetic interference (EMI), where the optical fibers are not affected by nearby electro- 
magnetic fields and may be applied to systems with the possibility of electric shock or near 
high-voltage installations; (iii) electrical insulation, in relation to the materials used for its 
manufacture, which do not require surge protection devices as they electrically isolate the 
communication terminals. Still considering the low weight and small size, since their cores 
are measured in microns (thousandths of a millimeter) compared to metal cables that 
are less than one-tenth of their volume, transmission safety is possible. It happens due to 
easy detection of possible “staples” because of the deviation of a considerable portion of 
the light output, which is not detected by electromagnetic or metal detectors. This makes 
optical fibers a potential material for applications in data, image, and voice (telephony) 
communication systems (Chesnoy 2015). 

The propagation of light in the optical fiber is due to the difference in the refractive 
index between the shell and the core. With the calculation of the critical angle, it is pos- 
sible to guarantee total or internal reflection, according to Snell’s law. Therefore, the angle 
of incidence of the injected light must be greater than the critical angle (Venghaus and 
Grote 2017). 

Transmission systems that use optical fibers require an emitter and an optical detector, 
which are transducers, because they convert both electrical and optical signals into elec- 
trical signals. Today, the most widely used optical emitter is a laser diode and the optical 
detector a photodiode. The transmission spectrum concerning the optical frequencies 
associated with these communication systems spans a wide range of wavelengths, within a 
spectral range, starting at the far-infrared region, approximately 100 mm, passing through 
the visible spectrum, around 390 to 770nm, and ending in the ultraviolet, which is close to 
50 nm. Therefore, the optical frequencies offer fantastic possibilities for high transmission 
capacity. Considering only the range 100-1000 THz, theoretically transmission capacities 
can reach an order of 10 times higher than the current microwave systems (Venghaus and 
Grote 2017). 

Thus, fiber optic transmission systems generally operate in the 0.6-1.6 mm spectral 
region, with a preference for 0.85, 1.3, and 1.55 mm transmission windows, which relates 
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to this region’s semiconductor materials (Si, Ge, InGaAsP, AlGaAs, among others). This 
range is suitable for the best performing photodetector light sources, as well as very low 
attenuating optical fibers, and it should be noted that these boundaries are not static but 
a result of continuous technological advances (Matias et al. 2016). 

The transmission capacity of a fiber is limited to the carrier frequency, which with light 
signals, in theory, it is possible to operate in a baseband of one or two orders of magni- 
tude below the light frequency, around 200 THz. At the same time, modern equipment has 
transmission rates of the order of 2.5 Gb/s at each wavelength, and up to 18 wavelengths 
can be allocated in a single fiber optic cable (Willner 2019). 


6.4 Wireless Terahertz Communication Networks 


Previously, wireless communication data rates were on the order of Mbps (megabits 
per second) or Gbps (gigabits per second), but nowadays it is approaching terabits per 
second. The fibers are exceptional, allowing high-speed data transmission with minimal 
data loss levels. Artificial satellites are also second to none, covering vast areas with 
no infrastructure, compensating for slower speed and a few moments of out of atmos- 
pheric optics (Willner 2019; Venghaus and Grote 2017; Rappaport et al. 2019; Rangan 
et al. 2014). 

THz technology has been achieving data speeds n times faster than expected from fifth- 
generation (5G) cellular networks, which are only expected to come into operation in the 
coming years. Wireless data rates previously over Mbps or Gbps, are now reaching Tbps 
(terabits per second), utilizing a single simple communication digital channel, which makes 
possible applications including ultra-fast wireless connections between base stations. As 
well as fast download of content from servers to mobile devices wirelessly, terahertz is 
offering the high data rate with minimal latency (Cacciapuoti et al. 2018; Rappaport et al. 
2019; Rangan et al. 2014). 

Optical fibers are currently employed for “high data rate” (optical fiber) with “min- 
imum latency” (links). But in contrast to terahertz wireless, it is possible to have links to 
light speed communications with minimum latency, sustaining the data rates of optical 
fibers. Demand for telecommunication bandwidth has grown dramatically in recent years, 
indicating the need to explore spectrum more effectively since wireless communication 
devices currently operate at microwave frequencies. However, as demand for faster speeds 
and higher bandwidths of data grows, terahertz radiation (THz), oscillating around 
1 trillion times per second, is used (Binh 2015; Rappaport et al. 2019; Rangan et al. 2014; 
Reichel et al. 2019; Morohashi et al. 2016; Nakagawa et al. 2018). 

Terahertz radiation is well suited for the development of a current-generation wireless 
telecommunications system that can operate at a faster speed of 100 Gb/s. The terahertz 
(THz) frequency ranging from 0.1 to 3 THz lies at the end of the entire spectrum of elec- 
tromagnetic waves and is known in the scientific world as the THz gap. This terahertz 
gap has captured the imagination of the technology world at all new levels, opening up 
many new possibilities in optical communication technology. Terahertz technology is very 
promising for high-speed transmission of information between electronic devices, next- 
generation wireless personal networks (WPAN), and building WLAN (wireless local area 
networks) (Uddin 2017; Rappaport et al. 2019; Rangan et al. 2014; Reichel et al. 2019; 
Morohashi et al. 2016; Nakagawa et al. 2018). 
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Following this development, great efforts are being made in the development of trans- 
mission and reception techniques, taking advantage of the unique properties of THz waves, 
such as the high bandwidth, which in turn seeks to circumvent the issue of high THz signal 
attenuation. In a humid atmosphere, high-impact applications use THz wireless communi- 
cation in data centers, taking advantage of the high bandwidth available at high frequen- 
cies, which could be accomplished through hybrid systems that can convert optical signals 
to the THz range. Just as new devices have been proposed for THz signal modulation 
based on new technologies such as graphene, which can be possibly used in short distance 
indoor communications, the THz system integrates with a mixed network of other com- 
munication technologies without thread. In the same way, THz waves are also studied for 
space applications focused on satellite and inter-satellite communication (Kazmierkowski 
2019; Rappaport et al. 2019; Rangan et al. 2014; Reichel et al. 2019; Morohashi et al. 
2016; Nakagawa et al. 2018). 

The development of THz technology has led to the development of THz fibers 
manufactured from polymers or glass over time and they have been characterized based 
on previous experience with photonic crystal fiber optics with photonic crystal fiber (PCF) 
technology, or anti-resonant phenomenon and hollow-core fibers. Or even porous fibers 
that operate by the effect of photonic bandgap, further taking into consideration the devel- 
opment of components for the assembly of more complex systems such as power splitters 
and couplers, waveguides, lenses, and polarizers, gaining prominence in the development 
of low-loss dielectric waveguides for THz propagation (Cicerone et al. 2016; Rappaport 
et al. 2019; Rangan et al. 2014). 


6.5 THz LOS and NLOS Propagation Techniques 


This section assumes fundamental importance from the knowledge that the existence 
of certain properties cause harm to the signal transmitted over a wireless connection, 
even more at high speed as terahertz communication networks. If these hurdles are not 
addressed, there will be no high-frequency communication. This is important for the integ- 
rity of the link as a certain area around the line of sight would cause interference in the 
signal if it is blocked. This is of paramount importance for the perfect functioning of the 
system, so that both in transmission and reception there is no loss of the signal, as the poor 
quality of both transmission and reception of the signal, among other relatively important 
factors, impact the quality of service. 

One of the main components present in a radio frequency circuit is the antennas, 
because it is through them that the signals are transmitted and received. For this reason, 
the antennas are positioned higher up, such as on top of buildings, which avoids obstacles 
in front of it. The principles of antenna alignment need to be followed to enable long- 
range transmission of high-frequency electromagnetic waves, where a signal emitted 
by one transmitter can accurately be emitted with full power to another transmitter at 
another localized point. For this to happen, it is necessary that both are perfectly aligned 
and “seeing” each other. Thus, when a frequency is generated that must be transmitted 
from one place to another through the free space, two antennas are required, one for 
each place. If this frequency is high, it will need to be aimed at the antennas, in a way 
one antenna can “see” the other, which is called sight. This is of fundamental import- 
ance, because without it, there will be no communication (link) between high-frequency 


THz Communication Networks: LOS and NLOS 177 


antennas. However, it is not enough to “see” one antenna, or only the other antenna, but 
it is necessary to see a predetermined area, which should be greater than the distance 
between antennas (Morreale and Terplan 2018; Moldovan et al. 2014). 

It is within this predetermined area that the Fresnel zone is found, where the propaga- 
tion of the high frequencies happens around the line of sight (LOS), a field in elliptical 
form, through which most interacting data travels between antennas (Nandi et al. 2016; 
Moldovan et al. 2014). 

The Fresnel zone is an electromagnetic phenomenon, in which radio signals or light 
waves are diffracted or deflected by solid physical objects next to the communication path. 
Radio waves reflected on physical objects arrive out of phase considering that the signal 
is traveling straight to the other antenna, thereby decreasing the strength of the received 
digital signal. So the area around the line of sight where signal interference is present 
becomes important. When this obstacle exists, it is necessary to avoid this degree of inter- 
ference, which can be defined as a series of concentric ellipses around the line of sight. This 
type of communication obstacle determines the area around the line of sight where signal 
interference may be introduced if it is blocked (Xue et al. 2018). 

When an obstruction is present, radio waves travel from the transmitter to the receiver, 
encountering the obstacles (impediment) near the communication path, because of which 
they are reflected by these objects and go out of phase with the traveling signals, causing a 
reduction of the received signal strength. In practice, 20% Fresnel zone blocking is accept- 
able by a suitable equipment, but above 40% signal loss is very significant for communi- 
cation. If any point in the Fresnel zone is obstructed, whether by a tree or a building, the 
signal will no longer be the best. So the higher the antenna frequency, the smaller the Fresnel 
zone, thus decreasing the likelihood of any obstacle interfering with the link. Therefore, the 
straight line of sight should not be the only concern, but it is essential to analyze the entire 
Fresnel zone before installing the antennas. High frequency is relative to narrow Fresnel 
zone and low frequency is relative to wide Fresnel zone (Nefyodov and Smolskiy 2019). 


6.5.1 LOS (Line of Sight) 


IEEE 802.16 determines the frequency ranges of operations for different types of signal 
propagation. For example, a radio frequency beam is used to propagate digital signals 
between the nodes. This frequency beam is highly sensitive to radiofrequency obstacles. 
Thus, an unobstructed view between the nodes is required. This category of signal propa- 
gation is called the line of sight (LOS) (Figure 6.1), which can be divided into optical line 
of sight (Equation 6.1) and radio line of sight (Equation 6.2) (Stallings 2005), limited 
to fixed operations and employs a 10-66 GHz frequency range (Ali and Biradar 2016; 
Moldovan et al. 2014). 


d=3.57Vb (6.1) 
d =3.57VKh (6.2) 
In these equations, d is the distance between the antenna and the horizon (km), / is the 


antenna height (m), and K is the adjust factor that considers refraction. The rule of thumb 
is K = 4/3. 
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FRESNEL ZONE. 


Figure 6.1 Illustrative example of LOS propagation. 


When there is no obstacle, and one antenna can perfectly see the other, it is called direct 
sight, which means there will be no problem in the communication between the trans- 
mitter and receiver in the radio frequency circuit and the link is not affected. In designing 
a radio link, the goal is to ensure that the original digital signal carrying the information 
can be regenerated at the other end with an acceptable error rate. So that the carrier-to- 
noise ratio at reception must be greater than a specified minimum value, which is a function 
of the modulation and coding mechanisms used in the link. Transmitter power and 
antennas should, therefore, be sized to compensate for propagation and other losses due 
to cross-polarization and attenuation in connectors, coaxial cables, or waveguides. And a 
margin must be included to deal with interfering signals near the frequency band used by 
the link, which may increase the noise level at the receiver and therefore worsen the carrier- 
to-noise ratio (Morreale and Terplan 2018; Moldovan et al. 2014). 

In a radio link, the signal is transmitted by the transmitting antenna and propagates 
in the form of radio waves, that is, electromagnetic waves, to the receiving antenna, where 
the signal is attenuated and subject to losses as loss in free space. Where the only piece of 
the energy transmitted over electromagnetic waves is captured by the receiving antenna, 
which is related to the higher the frequency and distance, and any loss is expressed in 
dB. Many wireless technologies face the problem of multipath propagation during trans- 
mission. In obstructed environments, the signal may be reflected in various obstacles and 
reach the receiver at a different time, with differences in module and phase. The propa- 
gation of radio waves are subject to reflections in the ground and the atmosphere causes 
changes in their amplitude and path traveled, resulting in variations in the received digital 
signal strength, called fading, which can be induced by obstacles in the direct line of sight, 
or by attenuation due to rainfall (Godara 2018). 


6.5.2 nLOS (Near Line of Sight) 


In near line of sight (nLOS), that is, “partial sight” (Figure 6.2), the transmitter and receiver 
are not connected by a straight line and may have obstacles in their path. This is a concept 
often employed when the transmitter and radio receiver are not in the direct line of sight, 
and this is handled by using multipath in signal propagation (Yuan and Ma 2016). 
Radiofrequency technologies utilize the concept nLOS to describe a partially obstructed 
path between the signal transmitter location and the signal receiver location. This 
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Figure 6.3 Illustrative Example of NLOS Propagation. 


difficulty can be overcome by the use of antennas and other communication devices, which 
also play an important role in reducing the reception power of a signal, resulting in a bad 
transmission system. Obstacles that may cause a line of sight obstruction include buildings, 
trees, hills, mountains, and other natural formations or artificial structures, or even phys- 
ical objects. The major concern of modern computer networks is to effectively reduce 
nLOS, and this is done over wireless networks using multipoint repeaters so that the signal 
is transmitted around the obstruction without data loss or transmission quality. The near 
line of sight is also known as the slackline of sight. Multipath signal propagation is also 
widely used (Yuan and Ma 2016). 


6.5.3 NLOS (Non-Line of Sight) 


The other category of signal propagation is known as non-line of sight (NLOS) (Figure 6.3). 
It uses advanced radiofrequency modulation techniques compensating for radio frequency 
signal changes generated by obstacles that avoid LOS communications. NLOS refers 
to the propagation path of a radio frequency obscured (completely) by obstacles that 
cause difficulty in the transmission of radio signal. The common obstacles between radio 
transmitters and receivers are trees, physical landscape, tall buildings, and conductors 
of high voltage. Some obstacles absorb and others reflect the radio signal. However, 
all of them cause limitation in signal transmission capacity (Wang et al. 2003; Moldovan 
et al. 2014). 
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HI: d, = d+ wasi i= 1,..., N, LOScondition (6.3) 


Hn:d,=d+b+ wy; i= 1,..., N, LOS condition (6.4) 


nlos,i, 


Equations (6.3) and (6.4) are considered on the variation of the mobile terminal local- 
ization, where N is relative to measurements, d is the straight-line range related to the 
mobile and base station, d, is the i-th measurement of d, b is the extra distance regarding 
the blockage of the straight path, and w,,; ,,,;, are related measurement noise under the 
LOS and NLOS circumstances, respectively (Yu and Guo 2008; Woo et al. 2000; Cong 
and Zhuang 2005; Lee 1993; Alavi and Pahlavan 2003). 

NLOS can be employed for both fixed WiMAX processes (below 11 GHz) and mobile 
telephony processes (below 6 GHz). NLOS signal propagation is usually employed than 
LOS due to obstacles interfering with LOS communications and strict rules for frequency 
antenna deployment and licensing in several environments that make LOS use difficult 
(Ahson and Ilyas 2018b) (Moldovan et al. 2014). 


6.6 Scientific Review 


This survey performs a bibliographic review of scientific papers that describe principal 
research related to the theme of terahertz communication according to the view of the 
authors. This is to showcase the evolution and interest in research on terahertz communi- 
cation for the past seven years, affirming the importance of the study area in the science 
and development of innovative technologies that enable high-speed data transmission. 
Bibliographic material was taken from indexing and publications in renowned databases, 
such as Web of Science, IEEE, Scopus, and Elsevier. 

In 2013, the growing interest in applying terahertz waves (THz) to broadband wireless 
communications was studied, with particular use at frequencies above 275 GHz since it is 
possible to employ extremely large bandwidths for wireless broadband networks in ultra- 
broadband communications as well as these frequency bands have not yet been allocated 
to specific active services. The photonic technologies were introduced for the generation, 
modulation, and detection of these signals. The effectiveness was not only seen to increase 
bandwidth and data rate but also to combine fiber optic (wired) and wireless networks. 
The study analyzed recent developments in THz wireless communications using electron- 
based photonic technologies toward 100 Gbit/s (Nagatsuma 2013). 

In 2014, terahertz bandwidth communication in the range of 0.06 to 10 THz was seen 
as an essential technology that satisfies the growing demand for ultra-high-speed wireless 
links. In this sense, a unified multi-channel channel in the THz band was developed based 
on ray-tracing techniques, which incorporate the propagation models for the scattered, 
diffracted, and reflected line of sight paths. The developed theoretical model was validated 
with experimental measurements in the range of 0.06-1 THz from the literature, followed 
by the development of propagation models, and an in-depth analysis of the THz channel 
characteristics was performed. In particular, the selective nature of frequency and distance 
variable of the terahertz channel was analyzed, as well as the meaning of delay propa- 
gation and coherence bandwidth was studied. It also characterized the capacity of the 
broadband channel using flat energy allocation and water-filling strategies in conjunction 
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with the study of the temporal magnification effects of the terahertz channel. And finally, 
adaptive, multi-carrier broadcasts were suggested that benefit from the unique relation- 
ship between distance and bandwidth. The analysis provided in the study set the founda- 
tion for efficient and reliable ultra-high-speed wireless communications in the 0.06-10 
THz range (Han et al. 2014). 

In 2015, a complete set of MMIC chips with front end transmission and reception cap- 
ability and RF data transmission at a carrier frequency of 300 GHz and with data rates 
of up to 64 Gbit/s was presented. The radio was dedicated to future high-rate internal 
wireless communication, addressing application scenarios such as data centers, smart 
offices, and home theaters. The study analyzed the underlying high-speed transistor and 
MMIC process, quadrature transmitter and receiver performance, as well as local oscil- 
lator generation through frequency multiplication. Experiments with zero-IF transmission 
and reception scheme and initial transmission in a single input single output configuration 
achieved data rates of up to 64 Gbit/s with QPSK modulation. Also discussed, the current 
performance limitations of the RF front end describing the paths for improvement have 
reached a capacity of 100 Gbit/s (Kallfass 2015). 

In 2016, photonic transmitters were presented showing communication link results 
using 0.2, 0.4, and 0.6 THz photonic-based emitters. Within the context of the rapid 
increase in mobile data transfers, wireless carrier frequencies had entered the millimeter- 
wave region and now are in the submillimeter or terahertz region (Ducournau 2016). 

In 2017, a high spectral and efficient THz wireless transmission around 325 GHz was 
demonstrated experimentally using a 64-QAM-OFDM modulation format and a 10 
GHz wide wireless channel. Achieving data rate of 59 Gbit/s, an efficient terahertz record 
spectral communication system was reported using a coherent radio over fiber (CRoF) 
approach (Hermelo 2017). 

In 2018, the basic system architecture for THz wireless links with bandwidths of over 
50 GHz in optical networks was discussed, where new technologies and design principles 
were needed to demonstrate near latency terabit data rates of zero. In a specific context, 
the concept of designing baseband signal processing for optical and wireless links was 
presented and using an E2E error correction approach for the combined link. Two possible 
architectures of electro-optical baseband interface — digital link and transparent optical 
link architectures — were provided. Research principles and guidelines for developing a 
new generation of transceiver front-ends that will be able to operate at ultra-high spectral 
efficiency along with THz wireless link requirements were presented, employing higher- 
order modulation schemes. Also discussed was the need to develop a new THz network 
information theory framework that takes into account the nature of THz band inter- 
ference and channel characteristics. Also highlighted was the role of GMP, a resource 
needed to overcome propagation losses, as well as medium access control and physical 
layer challenges (Boulogeorgos 2018). 

In 2019, the need for future wireless communication networks to handle data rates of 
tens or even hundreds of Gbit/s per link requiring carrier frequencies in the unallocated 
THz spectrum was studied. In this scenario, the integration of THz links into existing fiber 
optic infrastructures was considered of great importance to complement the advantages 
inherent to the flexibility and portability of wireless networks as well as the unlimited and 
reliable capacity of optical transmission systems. At the technological level, new device 
and signal processing concepts were required to perform the direct conversion of data 
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streams between THz and optical domains. The study demonstrated that optical conver- 
sion to THz (O/T) on the wireless transmitter depends on the photo mixing in a single- 
traveler carrier photodiode by relating a THz link that was seamlessly integrated with a 
fiber optic network using direct THz conversion (T/O) on the wireless receiver. And an 
ultra-wide silicon-plasmonic modulator with a 3-dB bandwidth greater than 0.36 THz 
was explored for T/O conversion of a 50 Gbit/s data stream, which was transmitted on a 
0.2885 THz carrier through a 16 m wireless link (Ummethala 2019). 


6.7 Discussion 


This section aims to present a discussion on the importance of high transmission rates 
obtained through terahertz communication concepts, explained in previous sections, 
seeking to address the relationship that optical fiber has with wireless terahertz communi- 
cation, which has been the subject of research over the years, as previously presented. Even 
identifying the main technologies provided through it that will allow access to broadband 
of better quality and speed in a 5G network. 

About 99% of the world’s communications travel over submarine cables, which is an 
old structure. But this technology allows the sending of a cell phone message, a videocon- 
ference meeting, from a Latin country to an eastern country, such as Japan. The palpable 
infrastructure of submarine cables, the diameter of which can be held in the palm, lying 
on the seabed, carry optical fibers through which data, messages, and voices flow. For over 
a century, cables were usually underground or installed on high-voltage lines, performing 
telephony or data transmission, carrying the heavy communication infrastructure of the 
world (Mittleman 2017, 2018; Ma et al. 2018; Morohashi et al. 2019). 

Besides, the fiber optics that currently fill submarine cables have much greater data 
traffic capacity than satellites, exceeding an average cable data transmission rate of 
approximately 4 Tb/s. Amplifiers that carry the function of maintaining the power of 
the light signal that travels inside the fibers along the path and, that too parametric 
amplifiers, can be the answer to the challenge of broadening bandwidth and hence net- 
work traffic. 

Since most available systems guarantee a maximum bandwidth of 30 nm in the optical 
communication region, they can hold up to 80 lasers, limiting transmission-related factors 
to a few terabytes per second. However, the larger the bandwidth, the higher the number 
of lasers placed on a single fiber and consequently greater traffic capacity (Mittleman 
2017, 2018; Ma et al. 2018; Morohashi et al. 2019). 

To improve communication technology, the terahertz radiation spectrum range 
above microwaves is being used. With its systems, circuits, and components capable of 
communications at speeds above 100 Gbps per channel, the 300 GHz band, or 0.3 THz, is 
considered to be advantageous for low transmission latency (Mittleman 2017, 2018; Ma 
et al. 2018; Morohashi et al. 2019). 

The development of standards that apply such high frequencies of communication 
always encounters physical problems, like the fact that terahertz transmission in today’s 
cables is still difficult, because of the nature of the material used in the transmission wires. 
It eventually absorbs part of the digital information, attenuating the digital signal, and 
affecting the transfer (transmission). Another issue of transmitting data at these frequen- 
cies is related to the implemented structure of current networks. Nowadays, both wireless 
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digital channels or optical cables carry hundreds of distinct information (Mittleman 2017, 
2018; Ma et al. 2018; Morohashi et al. 2019). 

In this sense, terahertz radiation is a solution since it may have higher speeds compared 
modern wireless digital communication standards. As the current technology is microwave- 
based in the gigahertz spectrum, this new technology promises to pave the way for high- 
frequency application in data transmission. Using multiplexers, this new technology 
allows hundreds of data to be transmitted over the same cable without any information 
being lost similar to how a single cable transmits uncountable phone talks at the same 
time, but at the end of the cable, each user only hears the conversation that is exclusive 
for him or her. The technology has an antenna consisting of two metal plates organized 
in parallel and free space, filled with air, which is where the emitted waves propagate, on 
a transmission pattern that creates waves at distinct frequencies. Each wave represents a 
digital information channel, meaning that one of these waves will be comprehended as an 
independent data chain (at the end of the cable), suppressing the possible issue of channel 
mixing (Mittleman 2017, 2018; Ma et al. 2018; Morohashi et al. 2019). 

The THz band is also a vast new frequency feature not yet commercially exploited for 
wireless communications, where its frequencies are even higher than those used by the 
IEEE 802.11ay standard, ranging from 57 to 66 GHz. And the available bandwidths are 
much wider, and since the communication speed is proportional to the bandwidth in use, 
THz becomes ideal for ultra-high speeds. It is a huge new frequency feature that should 
be employed for future high-speed wireless digital communications. IEEE 802.15.3d, 
issued in October 2017, determines the utilization of the frequency range between 252 
and 325 GHz, for example, “300 GHz,” as high-speed wireless digital communication 
channels (Mittleman 2017, 2018; Ma et al. 2018; Morohashi et al. 2019; MacCartney and 
Rappaport 2019; Sun et al. 2017). 

The 5G network is not yet standard anywhere in the world. However, developed coun- 
tries such as the United States are gradually deploying the 5G technology. However, the 
country has allowed the opening of the spectrum of “terahertz waves” as wireless network 
technology. In the future, for possible 6G connections, the frequency band starting at 95 
GHz, reaching up to 3 THz, is to be used and it will be released on an experimental basis 
to allow professionals in the field to explore (MacCartney and Rappaport 2019; Sun 
et al. 2017). 


6.8 Challenges in Using THz Technology 


The challenge regarding the use of THz technology is to develop a new type of network 
architecture employing terahertz frequencies for digital communications. It is necessary 
to manage many network and terminal equipment, terminal circuits, and the battery of 
communication protocol designs. At the same they have to be energy efficient as well (Han 
et al. 2019; Petrov et al. 2020; Yuan et al. 2020). 

Challenges are also related to existing technologies at the same time, which have 
constrained communication distance and propagation loss. The THz gap should be closed 
by implementing a THz communication in this direction driven by global research activ- 
ities (Han et al. 2019; Petrov et al. 2020; Yuan et al. 2020). 

Another challenge concerns further decreasing the size of the equipment, since there is 
a growing interest in the THz band for its feasible application in nano- and micro-scale 
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devices and its suitability for bandwidth-oriented applications is also being explored. High- 
sensitivity detectors working at room temperature and lack of compact high-power signal 
transmitters add to the challenge for THz communications in the future years (Zaman 
Chowdhury et al. 2019; Rodriguez-Vazquez et al. 2020; Yuan et al. 2020). 

At the same time, device miniaturization is a trend when it comes to the practicability of 
miniaturized component manufacturing and even design, related to THz signal generators, 
transmitters (Tx), and receivers (Rx) with this technology together with antennas. 
Evaluating the feasibility of carrier-based communications, concerning directivity, that is, 
attenuation of high propagation losses and antenna arrays, and even massive architecture 
multiple-input and multiple-output (MIMO) is also essential (Zaman Chowdhury et al. 
2019) (Rodriguez-Vazquez et al. 2020) (Yuan et al. 2020). 

Another challenge of the THz technology concerns lower link for limitations of On/ 
Off keying modulation and the suitability of full-duplex MAC as well as the practicality 
of IEEE 802.11ac-based standard signaling, that is, diminishing time-to-market (Zaman 
Chowdhury et al. 2019; Rappaport et al. 2019; Kato et al. 2020). 

There are issues of higher layers and upper link, at a system level, where peer discovery, 
meaning directional antennas, or angle of arrival, among other aspects, in addition to 
security and privacy issues for a massive amount of devices that have to be addressed 
(Zaman Chowdhury et al. 2019; Rappaport et al. 2019; Kato et al. 2020). 

Thus, it is possible to weigh the disadvantages of THz as part of the challenges that 
future 6G technology will have in wireless communication, in the same way as visible 
light frequencies posed disadvantages of visible light communication (VLC) (Zaman 
Chowdhury et al. 2019; Rappaport et al. 2019; Kato et al. 2020). 


6.9 Conclusion 


The main aim of this chapter was to provide an understanding of key questions about 
what is understood as terahertz communication networks, with a greater focus on wireless 
terahertz communication. To this end, this technology was characterized by pointing out 
its central aspects, merits, and certain weaknesses, such as expanding on the properties 
that hurt the integrity of the wireless transmission link around the line of sight causing 
both the loss of the signal and also poor quality of both transmission and reception of 
the signal. A discussion contextualizing some fundamental debates that arise around the 
theme of terahertz communication networks was also presented, since the flow of data 
and information traveling through the network today uses fixed and mobile technologies. 
When designing a communication link for a wireless network, in a terahertz communi- 
cation, the objective is to ensure that the original digital signal that carries the informa- 
tion can be regenerated at the other end with an acceptable error rate considering that 
this transmission in a communication system can occur on uneven terrain. The terrain 
profile must be analyzed, whether mountainous or not, and several factors must also be 
considered, such as the presence of trees, buildings, and obstacles in the line of sight, to 
estimate the attenuation of the power received between the transmitter and receiver. 
Concerns regarding the propagation properties of this signal that involve LOS, nLOS, 
and NLOS need to be considered, since the line of sight is an indispensable feature when 
talking about communication without the Internet that applies to any type of communica- 
tion. And when the waves propagate, they are subject to the presence of obstacles, giving 
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rise to reflections, which cause changes in their amplitude and path followed, resulting in 
variations in the power of the received signal (fading). 

THz technology is transformative and can lead to breakthrough technologies such as 
communication systems and networks with capacities many times higher than today’s 
systems. This level of latency and capacity will be unparalleled and extending the perform- 
ance of 5G solutions as well as extending the ambit of competence, supporting innovative 
tools in wireless detection, cognition, imaging, and even recognition. 

It has to be kept in mind that terahertz radiation is safe because of its low-energy 
photons, as they consume on hundred times less energy that photons in the visible light 
range. With THz waves, it is possible to absorb moisture present in the air, which is useful 
for high-speed and even short-range wireless digital communications. Terahertz provides a 
better directivity and narrow beam, causing secure digital communication to be achieved 
and has a strong ability to block interference. 

It is clear that there is a great effort of the scientific community focused on exploration 
and development to improve the potential of THz technology, generating innovations and 
practical applications. Though THz technology has s promising future involving major 
challenges, but its potential for knowledge generation, new applications, and products is 
equally great. 


6.10 Future Trends 


New advances are presented for the involvement of plasmons to increase the THz signal 
generation intensity. When a metal is subjected to an external electric field, the free 
electrons of the metallic material will move to the left side and positive ions will be formed 
on the right side, which is basically atomic nuclei that have lost their electronic coverage. 
Thus, these free-moving electrons, called electronic gas, make up a type of plasma. When 
the electric field is removed, the electrons will move to the right due to the mutual repul- 
sion exerted between them and also due to the attraction exerted by the charges of the 
positive ions. That is, a left-right oscillation of these free electrons can be observed, which 
also generates their own oscillating electric field, synchronizing with the fluctuation of the 
external electric field (Akyildiz et al. 2014; Nagatsuma et al. 2016; Guzman et al. 2016; 
Dan et al. 2019; Ducournau 2018, 2019; Blin et al. 2017; MacCartney and Rappaport 
2019; Sun et al. 2017). 

Therefore, the quantization of these electronic oscillations can be characterized as 
plasmons. In other words, a plasmon would be a kind of energy cluster that sits on the 
surface of a metal. Thus, plasmons are being considered as a means of transmitting infor- 
mation between computer chips capable of accelerating internal information exchange 
processes and building interfaces between optical and electronic systems or even gen- 
erating THz at the end of optical fiber (Ducournau 2018, 2019; Akyildiz et al. 2014; 
Nagatsuma et al. 2016; Guzman et al. 2016; Dan et al. 2019; Blin et al. 2017). 

The research and design of a terahertz (THz) transceivers capable of transmitting or 
receiving digital data at 80 Gbit/s, considered an essential element for the next generation 
of telecommunications, involve the use of circuit technology that incorporate silicon- 
integrated CMOS, which offers a great advantage because of its industrial-scale produc- 
tion (Akyildiz et al. 2014; Nagatsuma et al. 2016; Guzman et al. 2016; Dan et al. 2019; 
Ducournau 2018, 2019; Blin et al. 2017). 
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7.1 Introduction 


The bandwidth requirements for wireless communications have increased rapidly over the 
last few decades. In order to tackle the situation, advanced modulation techniques have 
been applied to increase the spectral utilization efficiency [1]. This not only has increased 
the point-to-point data rates to a large extent but also enhanced the frequency reuse within 
a volume of space. However, the channel capacity upper limit is restricted by Shannon’s 
formula, even with the use of multi-input multi-output (MIMO) strategy. Therefore, the 
only way to provide sufficient transmission capacity is by accessing transmission bands 
at higher carrier frequencies. This desire for higher carrier frequency or more bandwidth 
led the researchers to take advantage of the terahertz (THz) spectrum [2]. In addition to 
high bandwidth, THz wireless communication has other merits in comparison to micro- 
wave link or infrared (IR) based system, such as (i) more directional than microwave/ 
millimeter links, (ii) secure, (iii) low attenuation compared to infrared (IR), and (iv) smaller 
scintillation effects compared to IR [3]. Because of these advantages, THz technology has 
grown dramatically over the last two decades and found its application in areas like com- 
munication, imaging, spectroscopy, biology/medicine, nondestructive evaluation, explosive 
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detection, and radio astronomy. However, even today, these applications are not fully 
implemented due to the infancy stage of THz technology in terms of sources, detectors, 
antennas, and other essential components capable of working effectively in this frequency 
range. This chapter briefly discusses several THz source techniques and THz antenna fab- 
rication techniques for the possible realization of the THz wireless communication system. 

In the last few years, several metal antennas and array structures, including planar 
antennas, horn antennas, reflectarray antennas, and lens antennas, have been designed for 
THz applications [18-48]. The implementation of metal THz antennas suffers challenges 
from microfabrications to electromagnetic interaction at the nanoscale. The carbon-based 
nanomaterials (e.g., carbon nanotube and graphene) are emerging as promising materials 
for THz antenna designs [50-60, 65-78]. These antennas work on the principle of surface 
plasmons (SPs), which is a collective oscillation of electrons coupled to an electromagnetic 
(EM) field at a dielectric-metal interface [80]. The wave corresponding to the propaga- 
tion of SPs is called the surface plasmon polariton (SPP) waves. The plasmonic antennas 
are such sub-wavelength structures on the surface of which SPs strongly confine. Properly 
designed plasmonic antennas can convert free-space EM radiation into SPs or can convert 
SPs into EM radiations. This chapter discusses several THz antennas made up of graphene, 
carbon nanotube, and copper material. For completeness from the THz communication 
point of view, different THz sources and some fabrication techniques have also discussed 
in this chapter. 


7.2 THz Communication 


The THz (=10" Hz) radiation refers to EM radiation in the 0.1-10 THz range, that is, the 
region between the microwave and IR frequencies. The THz band had not been properly 
investigated by the researchers for a long time due to the unavailability of suitable sources. 
Currently, the research interest increased toward the THz range due to the availability of 
THz sources and in the advancement in the laser, semiconductor, and optical photocon- 
ductive technology [81-107]. The different types of THz sources are discussed in the next 
section. 

The THz EM spectrum has several benefits for wireless communications [3, 108]. The 
bandwidth requirements for wireless communications have been increasing rapidly since 
the last decade. There is the only way to provide sufficient transmission capacity, that 
is, by accessing transmission bands at higher carrier frequencies. THz spectrum opens 
the possibility for more bandwidth and high data rate transmission. Current wireless 
communications systems have bandwidths of a few GHz and data transmission rates up 
to 1 Gbps. The achievement of the data rates of 10 Gbps is comparatively difficult in the 
microwave band due to the narrow bandwidth. The data rate from 10 to 100 Gbps is 
realized by raising the carrier frequencies from 100 to 500 GHz [109]. The opportunity 
for large bandwidth in the THz band leads to the possibility of easy high data rate trans- 
mission [110]. THz communication is promising for wireless communications systems, 
particularly for the short-range indoor environment. 

In spite of the advantages, THz communication has a few limitations. In the THz band, 
the free space path loss is more significant than at lower frequencies [111]. This is the main 
reason to have less received power than the transmitted power. The free space path loss 
obtained from the Friis transmission equation, 
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Free space path loss = 20log( #2 ani (7.1) 


where A is the wavelength and d is the distance. According to the Friis equation, the THz 
band leads to larger propagation loss. Furthermore, the THz signal suffers from both 
molecular absorption loss A,,, and spreading loss A,. On account of the molecular absorp- 
tion loss, several high attenuation levels are defined [31]. In the THz band, the spreading 
loss is 60 dB higher compared to the microwave band. Besides the path loss properties, the 
reflection properties in the THz band are different from the microwave band [112, 113]. 
The surface variations are on the order of THz wavelength (several hundred microns) for 
objects in indoor environments. Therefore, at the THz band, the indoor object surfaces 
are rough. We know from the scattering effect that the reflection angle can be different 
from the incidence angle for rough surface, and the receive antennas receive the signals 
from different spots, which leads to multi-path scattering [112-114]. At THz band, the 
multi-path scattering is significantly affected in both outdoor and indoor applications and 
makes the NLOS communication more challenging. Therefore, the THz band is merely 
appropriate for short-range communications where the range is in the order of a few tens 
of meters. 

In the development of THz communication systems, the antenna is the most signifi- 
cant component. Antennas for THz communication have reported in the last few years. 
Presently, the focus is to design high-gain antennas because it enhances the performance 
of the overall system by compensating the substantial path loss at THz. The use of THz 
frequency allows for miniaturized antennas, which enables massive MIMO techniques for 
enhancement of spectral efficiency and directivity. In addition to high directive antennas, 
high power THz sources needed for the development of an effective THz wireless commu- 
nication system. 


7.3 THz Sources 


In THz frequencies, the major problem is to get efficient sources. Different techniques for 
obtaining THz source found in the literature, namely quantum cascade laser(QCL), res- 
onant tunneling diode (RTD), and optical photoconductive material (OPM) techniques, 
complementary metal-oxide-semiconductor (CMOS) and heterojunction bipolar tran- 
sistor (HBT) [81-107]. 

QCL may be a potential THz source of communication at the upper THz band, even 
if with the high atmospheric attenuation. The output power in QCLs increases with 
the increase of signal frequency. The output power of 4.1 uW is achieved at 2.06 THz 
[81]. However, the QCL-based THz source is not appropriate in the lower THz band. 
Efficiencies of QCL-based sources are quite low at 1 THz region [82]. Several QCL-based 
source is developed to attain more output power [81-87]. Using the QCL technique, 
the achieved maximum output power is more than 1 W [84]. In QCL, the tunneling 
of the electron through the barrier is possible without any extra energy, whereas, in RTD, 
the energy levels are quantized. The tunneling process in the RTD technique is high-speed. 
Thus, this technique is one of the efficient THz sources [88-92]. 

Recently, OPM-based techniques have been explored. OPM-based THz sources are an 
efficient source in lower THz band and suitable substitutes to solid-state sources. This 
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source also performs well in the upper THz band. The plasmonic electrode is now used 
for efficiency enhancement and achieves an efficiency of 7.5% [93]. Two different OPM- 
based THz sources techniques are commonly used, such as pulsed technique and photo 
mixing technique. In both cases, photoconductive antennas are used for the emission of 
THz radiation. In the pulsed technique, a femtosecond laser is used to obtain pulsed THz 
power, and in the photomixing technique, photo mixer is used to obtain continuous wave 
(CW) THz power. 

CMOS-based sources are used in the lower THz band. In the CMOS device, an active 
multiplier chain or a voltage-controlled oscillator is inserted [94]. The multiplier chain 
technique is widely used to achieve higher frequency output powers. This technique is used 
to attain 2.58 THz source and output power as 0.018 mW in [95]. In lower THz frequency 
between 0.288 and 0.498 THz, the output power from 22 uW to 2.6 mW is achieved in 
Refs. [96-100]. These results reveal that low operational frequency leads to high output 
power and low efficiency. Solid-state diodes are used to obtain the output power of 2.82 
mW and 0.11 THz source [101]. Higher output powers in higher frequency sources can 
be obtained using heterojunction bipolar transistor (HBT) technology. In Refs. [102-107], 
the output power from 12 uW to 10 mW, and the efficiency from 0.01% to 3.2% in fre- 
quency between 0.215 THz and 0.92 THz are measured. In solid-state devices, the output 
power reduces with the increase of THz frequency. 

THz source techniques have several advantages and disadvantages. In view of the output 
power, CMOS is the best THz source in low THz frequencies. Above 0.3 THz, the output 
power in CMOS THz sources significantly reduces. In contrast, the QCL technique is not 
possible below 1 THz frequency. The OPM and RTD are the best THz source techniques 
in the 0.5-3 THz range. OPM THz source is the best suitable technique to achieve the best 
efficiency results. The CMOS and HBT THz sources also perform better at lower THz fre- 
quencies. Alternative to OPM, RTD is a suitable technique for THz bands. The insertion 
of plasmonic electrodes into the active photoconductive area improves the power and effi- 
ciency of THz radiation. The achievement of 1Tb/s wireless link using these efficient THz 
source techniques is not far away anymore. 


7.4 THz Antennas 


Copper is the well-known metal for the design of radio frequency (RF) and microwave 
antennas. The design of metal antennas in the RF and microwave frequency regime has 
thoroughly explored, and systematic antenna design methods exist [4]. However, the 
design of the copper metal antenna at THz band is entirely different from the classical 
microwave metal antenna. The classical microwave metal antennas are excited through 
various feed lines such as microstrip, coaxial cable, and CPW, whereas the laser excita- 
tion through fiber or the air is seen in THz antennas. Metal THz antenna and microwave 
antenna have another difference, that is, bias voltage. The design of the THz antenna needs 
bias voltage, but microwave antennas do not need any biasing. Furthermore, the fabrica- 
tion of the metal THz antenna is more expensive and complicated than a metal micro- 
wave antenna. Over the past decades, several high directive metal THz antenna and array 
structures have been designed, including planar antenna and arrays [18-25], reflectarrays 
[26-36], lens antenna [37-43], horn antennas [44-48], carbon nanotube antennas [50- 
60], and graphene antennas [65-78]. 
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7.4.1 Planar Antennas and Arrays 


The unique features of the planar antenna, such as simple structure, low cost, and low pro- 
file, motivates the antenna community to design different kinds of planar antennas to meet 
the requirement of future wireless communication. However, the single-element antenna 
has a broad radiation pattern and small directivity values. In the wireless communication 
system, high directive antennas are needed for long-distance communication. An assembly 
of single element in an electrical and geometrical configuration has the capability to pro- 
vide sharp beam and high directivity (gain). This multi-element antenna is known as an 
array. A plethora of antenna arrays at microwave frequencies is available in the literature 
for several applications [6-17]. 

Several planar antennas have been designed at THz frequency [18, 19]. One important 
issue has been addressed in most of these antennas, that is, low antenna directivity. By 
assembling of 1,000 single-element in the array, the antenna gain is enhanced to 31 dBi 
[20]. However, it is a sign of complex lossy networks. Planar antennas have designed at the 
low-THz frequency for beam scanning and high-gain applications [21, 22]. Nevertheless, 
the complexity in feeding and fabrication leads to more losses and shifts in the operational 
frequency band. The planar waveguide array antenna also has been developed at low THz 
frequency 0.12 THz [23]. The array provides 21.1 dBi gain of and 80% efficiency. A larger 
gain of 38 dBi and 43 dBi in 16x16 and 32x32 slot arrays are obtained in Ref. [24]. 
However, it is difficult to fabricate this multilayer waveguide slot array antenna, which 
has radiating waveguide and feeding network in the top layer and bottom layer, respect- 
ively. The fabrication process would be challenging for a large and complex structure. The 
planar Yagi-Uda antenna is also promising for communication. The planar Yagi-Uda con- 
figuration exhibits high gain and low cross-polarization, which is useful for wireless com- 
munication. Han et al. reported a design of the Yagi-Uda antenna at low THz frequency 
of 0.636 THz, which attained improved impedance matching using a photomixer [25]. 


7.4.2 Reflectarrays 


In the RF and microwave frequency region, reflectarray antennas have their own unique 
place because of getting the best performance of reflector and array antenna [26, 27]. In 
recent years, the reflectarray antenna design at THz frequency has been found in the litera- 
ture [28-34]. The most crucial factor from these THz reflectarray antennas is element loss. 
Moreover, low-cost designs with satisfactory performance cannot be achieved from these 
works. The main reason for this is the occurring of conductor loss in the resonant element 
at THz frequency, which leads to a significant loss of power and tuning range of phase. 

In Ref. [35], a 220 GHz reflectarray antenna is reported. The reflectarray element consists 
of a dielectric block and a ground plane. The reflection phase is attained by controlling 
the block height. The 40x40 elements of reflectarray achieved 31.3 dBi gain, 27.6% aper- 
ture efficiency, and 20.9% 1-dB gain bandwidth. Another dielectric reflectarray antenna 
attained 22.5 dB of gain at 0.1 THz [36]. 


7.4.3 Lens Antennas 


Lens antenna arrays consist of an EM lens with the potential of energy focusing and a 
matching array with antenna elements placed in the focal region of the lens. An EM lens 
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is a transmissive device, which has the ability to alter the directions of EM ray propaga- 
tion for the realization of beam collimation or energy focusing. EM lenses are employed 
by three different methods, such as (i) the dielectric lenses, (ii) the conventional planar 
lenses, and (iii) the modern compact planar lenses. Generally, the conductor losses, feeding 
losses, and fabrication precision avoid scaling the high-gain antennas from microwave to 
THz band. In this case, lens-based THz antennas are more suitable because of low losses. 
Several designs of lens antennas at THz frequency have been designed [37-43]. 

Llombart et al. reported a hemispherical silicon lens THz antenna at a low THz 
frequency 0.545 THz [37]. Mostly, the silicon lens is used at a higher frequency for 
high-speed communication [38]. The extended hemispherical lens with a double-slot 
antenna and all the gold-conducting layers deposit on a high-resistivity silicon wafer 
[39]. Extended hemispherical lens antennas are more suitable for beam scanning 
applications, especially with off-axis feeding [40, 41]. Bowtie THz antenna with a silicon 
lens improves the radiation characteristics in terms of directivity, gain, efficiency, and the 
front-to-back ratio [42]. The antenna at 1.05 THz attained directivity of 11.8 dB with 
the radiation efficiency of 96. Yi et al. reported 3-D printed dielectric lens based beam- 
scanning and high-gain THz antennas for THz communications and radar applications. 
Here, dielectric lenses are used to increase directivity [43]. However, the implementation 
of antennas at THz band demands a more complicated fabrication process, more cost, 
and more time. 


7.4.4 Horn Antennas 


Due to its unique performances, horn antenna has its existence since the late 1800s. The 
horn is a flaring metal waveguide and commonly employed as a feed element. The per- 
formance of the radiator element depends on the type, direction, and amount of taper. It 
has widespread application because of its simple structure, easy excitation, wide band- 
width, more power capacity, and high gain. 

In Ref. [44], a pyramid horn antenna is studied at low THz frequency 0.3 THz. The 
low-temperature co-fired ceramic (LTCC) multilayer substrate is used to achieve wide 
bandwidth and high gain. The stepped profile horn is structured through drilling cavities 
by increasing the size step by step on each layer using substrate integrated waveguide 
(SIW) technology. The horn antenna is fabricated with the process of LTCC multilayer and 
provides 100 GHz bandwidth and 18 dBi gain. The optimization of the step height and 
corrugation slot depth allows wide bandwidth and high gain. 

THz horn antennas are implemented using the metallic 3-D printing technologies in 
Ref. [45]. Antennas are printed using selective laser melting (SLM) technique on Cu-15Sn 
and sintering technique on 316L stainless steel. Horn antennas using the SLM technique 
on Cu-15Sn is developed at a low THz band from 110 to 320 GHz. The antenna exhibits 
around 22 dBi of gain. 3-D printed metallic antennas are more simple and durable than 
nonmetallic 3-D printed antennas. As compared to the traditional technique for metallic 
horn antenna implementation, the cost of a 3-D printed antenna is low. 

Different kinds of horn antennas have been designed at THz [46-48]. The multiflare 
horn antenna is the best solution to achieve high directivity, and it provides directivity of 
31.7 dBi at 1.9 THz [47]. However, at THz frequencies, the reduction of horn size leads to 
more difficulties in the fabrication, time, and cost. 
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7.4.5 CNT Antennas 


Since the discovery of carbon nanotubes (CNTs) in 1991, CNT has gained more attention 
among the researchers. In the last decade, the use of CNT in numerous fields has been 
noted. Specifically, many antennas using CNT have designed at THz frequency due to its 
significant electrical properties. The current on a carbon nanotube antenna using a Fourier 
transform technique is investigated by Hanson [50]. The current on a CNT antenna is 
almost similar compared to current on copper antennas. For nanoscale radius, the CNT 
antenna has low losses than the copper antenna. 

The theoretical study of the single-walled CNT (SWCNT) dipole antenna at THz fre- 
quency is found in Ref. [51]. Wavenumber-domain integral equation is formulated by 
combining the Boltzmann equation and Maxwell’s equations for obtaining the distribu- 
tion of current. The numerical result of SWCNT THz antennas provides broad bandwidth 
and higher efficiency. SWCNT THz antennas have merits in terms of miniaturization, 
directivity, biocompatibility, and output power compared to metal photoconductive THz 
antennas. CNT antenna provides slow wave propagation, high input impedance, and low 
radiation efficiency [52-55]. In the THz frequency, the CNT dipole antenna resonates at 
length L ~\,/2, where i, is the plasmon wavelength [55]. Above THz frequency range, 
strongly damped current resonance is found, because of interband transitions in the 
optical frequency regime. The CNTs as both receiving and transmitting THz antennas has 
established in Ref. [56]. CNT antenna does not behave in the same manner as a nanowire 
antenna due to the variation in inductance [52]. The inductance of the CNT antenna is 104 
times of the metal nanowire antenna. This brings a significant difference in the perform- 
ance of CNT and metal nanowire antennas. The behavior of the CNT antenna and metal 
antenna is entirely different due to their kinetic inductance and quantum capacitance [53]. 
The high kinetic inductance of CNT reduces the size of the antenna as well as reduces the 
antenna radiation efficiency. Several CNT THz antenna designs have been designed to 
achieve the enhancement of the antenna efficiency using bundle structure [57-59]. In these 
antennas, the efficiency enhancement of the CNT antenna is achieved at a low THz band 
by using a bundle of SWCNT. Radiation resistance and radiation efficiency of bundled 
SWCNT are increased by controlling the permittivity of the metamaterial jacket. The 
radiation efficiency can also be enhanced using multi-walled CNT [60]. The radiation 
resistance and radiation efficiency increase with the number of layers and the frequency. 
However, recently graphene’s unique properties at THz frequency open an exciting scen- 
ario in THz antenna application. 


7.4.6 Graphene Antennas 


The latest addition of carbon allotropes family, graphene, is widely considered as the 
mother of the carbon allotropes. Recently, graphene attracted significant attention in 
various research fields due to its unique properties. The most significant property is the 
propagation of SPP in graphene in the THz range. Graphene SPs exhibits strong confine- 
ment, low losses, and tunability. Graphene plasmons are more easily tunable by chan- 
ging the doping level via chemical or electrostatic gating in both single layer and bilayer 
graphene structure [63, 64]. Recently, the research interest is increasing for the realization 
of graphene antenna design at THz frequencies. Due to SPP propagation at THz, graphene 
enables plasmonic antennas at THz, whereas metal antenna made of noble metals such 
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as gold and silver shows plasmonic behavior at optical frequencies. Plasmonic antenna 
resonates at the sub-wavelength scale with a high near field and strong coupling between 
localized sources and far-field radiation. 

Graphene was used as an antenna radiator at the THz frequency range for the first 
time in 2012 [65]. In this work, the propagation properties of transverse-magnetic (TM) 
SPP in graphene have been used to model graphene patch antennas in the THz band. In 
addition to the high miniaturization, the graphene-based THz antenna performs better 
than the metal antenna in terms of radiation efficiency. The radiation efficiency of the 
graphene antenna increases when the graphene chemical potential increases. Graphene 
plasmonic antenna enables high miniaturization and high directivity as compared to the 
metal antenna in the THz band [66]. Graphene-based antennas work at a much lower fre- 
quency than classical metallic antennas of the same size [67, 68]. Moreover, the perform- 
ance of the graphene antenna at THz is enhanced by tuning the conductivity of graphene 
using an electric field effect. The performance merits of the graphene THz antenna are its 
high directivity, high miniaturization, stable impedance, and frequency reconfiguration 
[69]. Bilayer graphene provides dual-band reconfiguration with stable impedance, which 
avoids the need for a lossy and complex reconfigurable antenna [70]. Several graphene 
antenna designs at THz frequency have been studied further [71-78]. 

Although several reflectarray and transmitarray antennas have been designed using 
conventional metal microstrip patches, dipoles, and dielectric resonator antennas, 
the graphene reflectarray antenna provides a unique performance compared to metal 
reflectarray. Graphene reflective cells for THz reflectarray and graphene THz reflectarray 
antenna based on square graphene patches are designed at 1.3 THz [74, 75]. Graphene is 
used to control the phase of reflectarray at THz frequencies dynamically [75]. Graphene 
reflectarray allows drastically reduce the inter element spacing and wide bandwidth. 
The tunable conductivity behavior of graphene allows the reconfigurability in graphene 
reflectarrays. 

MIMO technique in the wireless communications system is well known to increase 
spectral efficiency. However, the size of the antenna and the spacing between antennas are 
major obstacles for increasing the MIMO scale. Graphene antennas have the potential to 
reduce the size of antenna size and separation between antennas [77]. The spectral effi- 
ciency is increased by using the graphene-based MIMO antennas. The radiation patterns 
of graphene Yagi-Uda antenna can be easily reconfigured by controlling the properties of 
each graphene element [77]. Graphene material is suited for designing the reconfigurable 
directional antennas for THz communications. 


7.5 Promising Material for THz Antenna 


The materials so far used for antenna design in THz frequency are conventional metal 
copper, CNT, and graphene. However, the selection of promising material for THz antenna 
design is important for the THz community. This section provides the answer to this query 
by critically analyzing their properties at THz. 

Graphene is a single layer of hexagonally arranged sp?-bonded carbon atoms. 
Graphene has an electron mobility of 2x10° cm?V-'!s-! [61] and a current density of 
10° A/cm [62]. The surface conductivity of graphene based on Kubo formalism can be 
expressed as [79] 
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where w is the angular frequency, E, is the Fermi energy, 7 is the relaxation time, T is the 
temperature, j is the imaginary unit, e is the electron charge, A is the reduced Planck’s con- 
stant, and ky is the Boltzmann constant. At THz frequencies, graphene is highly inductive 
in nature [67]. The propagation of the plasmonic wave at THz is another important prop- 
erty of graphene. Due to the 2D nature of graphene, surface plasmons in graphene layer 
exhibit unique properties of low losses, strong confinement, and high tunability. 

The wrapping of graphene sheet forms CNT, has an electron mobility of 
8x104 cm?V~-'s-!, and a current density of 10? A/cm [49]. CNT supports plasmonic wave 
propagation at THz band. However, more plasmonic losses and less tunability occur in 
CNT in comparison to graphene. The surface conductivity and surface impedance of CNT 
of the small radius r expressed as [53] 
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Copper is a well-known and excellent electrical conductor in the microwave frequency 
regime. Copper has an electron mobility of 32 cm?V-ts- and a current density of 10° A/ 
cm. In the THz frequency regime, the surface impedance and conductivity of copper using 
Drude theory expressed as [5] 


A 2 
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where n is the mass of the electron, and n is the conduction electron density. At low THz 
frequency range, the ohmic resistance of copper is dominant to the surface impedance. 
The conductivity of copper is less than the conductivity of graphene and CNT [119]. The 
conductivity of graphene is higher than that of CNT. Therefore, graphene is the best con- 
ductor than CNT and copper in THz frequency. 

In order to compare the performance of THz antennas made up of these carbon-based 
materials with that of the traditional copper metal, a rigorous analysis has been done. In 
the first phase of this analysis, the physical size of the antenna is kept constant, whereas, in 
the second phase, the frequency is maintained at a constant value [66, 67]. The motive is 
to find the best material for the THz antenna design with superior performance. 

In the first phase, THz dipole of length (L) 71 um (arbitrary dimension for obtaining 
low THz operational frequency) is considered for comparison of the antenna performance 
for graphene, CNT, and copper material [67]. Antennas are placed over silicon dioxide (¢,= 
3.9) substrate in all the three cases. The graphene, CNT, and copper dipole antenna 
structures are shown in Figure 7.1. It found that the graphene antenna resonates at the 
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Figure 7.1 THz dipole antennas: (a) graphene, (b) CNT, and (c) copper. OSpringer Nature. [67] 
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Figure 7.2 SI | parameter and the far-field pattern of THz antenna of the same length (a) graphene, (b) CNT, 
and (c) copper. © Springer Nature. [67] 


lowest frequency compared to CNT and copper antenna at THz band, which is illustrated 
in Figure 7.2. 

The radiation pattern of these THz dipole antennas at their resonant frequencies is 
shown in the inset of Figure 7.2. Although their radiation patterns are identical, they differ 
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Figure 7.3 SI | parameter and far-field pattern of THz antennas at the same frequency | THz (a) graphene, 
(b) CNT, and (c) copper. © Wiley. [66] 


in their directivities. It has been observed that the graphene THz antenna has higher 
directivity than the CNT THz antenna, and the directivity of the CNT THz antenna is 
higher than that of the copper THz antenna. 

In the second phase, the performances of graphene, CNT, and copper dipoles with the 
same resonant frequency of 1 THz are analyzed [66]. The S11 parameters and radiation 
patterns of graphene, CNT, and copper THz antennas are shown in Figure 7.3. Graphene 
THz antenna achieves high miniaturization compared to CNT and copper THz antenna. 
This analysis also shows similar radiation patterns for three antennas with graphene THz 
antenna having maximum directivity. The performance of graphene, CNT, and copper 
THz antenna is summarized in Table 7.1. Although these results are shown for dipole 
antennas, it has been found that the results are equally applicable to other varieties of 
antennas and hence general in nature. 

The above analysis reveals that graphene THz antennas exhibit higher miniaturization 
and higher directivity than CNT and copper THz antennas. CNT THz antennas provide 
high miniaturization and larger directivity than copper THz antennas. 
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Table 7.1 Performance of graphene, CNT, and copper THz antenna 


Antenna (length 71 um) Antenna (@ | THz) 

Resonant Reflection Reflection 

Frequency coefficient Directivity coefficient Directivity 
Material (THz) (dB) (dBi) Antenna length (dB) (dBi) 
Copper 1.90 —20 2.2 139 (=A,/2) —26 2.2 
CNT 1.42 —25 3.5 99 (= 1/3) -38 3.0 
Graphene 0.81 -39 4.5 68 (= A,/4.4) —40 43 


7.6 Fabrication of THz Antennas 


Due to the persistent development of fabrication technologies, several new technologies 
are now ready to meet the processing requirements of THz. 3D printing or additive manu- 
facturing [115-118] is a method used for the construction of 3D objects by printing them 
layer through the layer, primarily based on a 3D digital model. 3D printing is appropriate 
for structural components of large dimensions and complicated shapes. In 3D printing 
tools, a precision up to 0.01mm can be attained. However, there is a need for sintering of 
the powder metallurgy parts after being printed. In the sintering process, the deformation 
of high temperature and shrinkage rate exist. The fabrication of high-precision parts is 
needed using the machining technique. Now, several techniques for high-precision pro- 
cessing of electronic devices are available such as low-temperature co-fired ceramic(LTCC), 
electrical discharge machining (EDM), computer numerical control (CNC) machining, 
and printed circuit board (PCB). 

The fabrications of THz antennas using new materials are also pivotal. The latest 
carbon-based nanomaterial graphene has high current density and electron mobility than 
conventional metal copper. The conductivity of graphene and CNT are more than copper 
[119]. Recently, several researchers demonstrated in other contexts that graphene over 
hexagonal boron nitride leads to significant improvement [120] [121]. Due to its proper- 
ties, graphene has promising potential for the development of effective electronic devices. 
The tunability behavior of graphene conductivity also enables the design of reconfigurable 
antennas. The research on THz antennas is now more useful and meaningful using new 
fabrication technologies and new nanomaterials. 

High conductive graphene nanomaterial easily integrates with different substrate 
materials [122, 123]. Graphene conductive ink is promising for printed electronics due 
to its unique mechanical and electrical properties. Recently, a few RF and microwave 
antennas are fabricated using graphene ink. An RFID dipole antenna is fabricated using 
graphene ink on the foam substrate by the rolling compression technique [122]. Another 
RFID antenna is fabricated using graphene ink by doctor-blading technique [124]. In this 
technique, graphene ink is spread on the substrate using a mechanical mask, and the 
doctor blade is used for flattening and controlling the thickness. Graphene ink is used as a 
conductor in antenna-electronics interconnection fabrication using the 3D direct-write dis- 
pensing method [125]. In this case, the graphene antenna is fabricated using graphene ink 
on a 100% cotton fabric using 3D-printing technology. In Ref. [126], the CNT antenna is 
printed on the substrate and followed by cutting by the milling machine. The transfer tech- 
nique also used to laminate the CNT on the substrate [127]. The fabrication of graphene, 
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CNT, and metal antenna of the meander line dipole type is demonstrated using the direct 
ink-injecting technique at RF and microwave frequency [128]. The ink-injecting tech- 
nology may have the potential for the fabrication of antenna for wireless communica- 
tion applications. The fabrication of the graphene and CNT THz antenna is not yet fully 
explored. There is still a big room for improvement in the fabrication of graphene THz 
antennas, but the future prospect is certainly promising. 


7.7 Conclusion 


In the design of any wireless communication system, the antenna is the most significant 
component. In the THz wireless system especially, the focus is to design high directive 
antennas, because it enhances the performance of the overall system by compensating the 
large path loss that occurs at THz frequency and thus improves the signal-to-noise ratio. 
This chapter discussed different THz antennas, made up of traditional metals, and carbon- 
based materials. 

Generally, conventional metal copper is the well-known and commonly used metal in 
the design of microwave antenna. The carbon-based nanomaterials such as graphene and 
CNT are recently explored in the design of THz antenna. In this chapter, we discussed 
about metal, graphene, and CNT THz antenna. Moreover, a critical comparison of the per- 
formance of THz antennas made up of copper, carbon nanotube, and graphene material 
have been made to find the best material for the design of THz antenna. It has been found 
that the graphene antenna provides superior performance in terms of miniaturization, 
directivity, and radiation efficiency. 

THz band was least explored by the researchers for a long time, because of the unavail- 
ability of suitable THz antennas and sources. Currently, the research interest increased 
toward the THz frequency range due to the availability of the THz sources at THz band 
due to advancement in the laser and semiconductor technology. This chapter discussed the 
different THz sources and fabrication techniques for the THz antenna for the practical 
realization of THz wireless communication system. 
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8.1 Introduction 


By taking into account that the used frequency spectrum for the fifth generation (5G) 
applications has limited capacity (Boulogeorgos, Chatzidiamantis, and Karagiannidis, 
2016; Boulogeorgos and Karagiannidis, 2017; Cherry, 2004; Staple and Werbach, 2004), 
terahertz (THz) wireless systems were considered a promising complementing technology 
to the expensive optical-fiber systems (Petrov, Pyattaev, Moltchanov, and Koucheryavy, 
2016) and to shorter range setups (Huq, Jornet, Gerstacker, and et al., 2018; Piesiewicz, 
Kleine-Ostmann, Krumbholz, and et al., 2007). The THz wireless systems aim to deliver 
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the fiber quality of experience (QoE) in the wireless world (Akyildiz, Jornet, and Han, 
2014; Boulogeorgos, Alexiou, Merkle, and et al., 2018; Federici and Moeller, 2010; 
Seeds, Shams, Fice, and Renaud, 2015; Song and Nagatsuma, 2011). In other words, as 
illustrated in Figure 8.1, THz wireless system development is expected to address both 
the spectrum scarcity and capacity limitations of the current cellular systems as well as 
to create the opportunity for commercializing a plethora of life-changing technologies, 
including device-to-device (D2D) communications, Internet of vehicles (IoV), backhaul, 
small/femto-cell access, nomadic connectivity, as well as applications, such as augmented 
and virtual reality, and virtual presence (Machado, Boulogeorgos, Escher, and et al., 2019; 
Salgado, Silva, Elschner, Boulogeorgos, Katsiotis, Kritharidis, Alexiou, Kokkoniemi, and 
Lehtomaki, 2017; Zhang, Ota, Jia, and Dong, 2018). As a consequence, they will influence 
the main technology trends in the wireless world in the decades to follow (Boulogeorgos, 
Alexiou, Kritharidis, and et al., 2018; Koch, 2007). 

The propagation environment of THz systems suffers from sparse scattering 
(Boulogeorgos et al., 2018; Kokkoniemi, Boulogeorgos, Lehtomaki, Ntouni, Juntti, and 
Alexiou, 2018; Papasotiriou et al., 2018). This causes to the main signal directions of 
arrivals (DoAs) to be below the noise floor. Thus and in order to achieve a sufficient 
coverage, THz wireless links should be established in a directional manner (Boulogeorgos, 
Papasotiriou, Kokkoniemi, and et al., 2018). In this direction, high-gain antennas, with 
low beamwidth, are employed in both the transceiver (TX) and receiver (RX). Directional 
THz wireless links demands perfectly aligned TX and RX antennas. However, in practice, 
this may not be possible (Boulogeorgos and Alexiou, 2019a; Boulogeorgos, Papasotiriou, 
and Alexiou, 2019; Wildman, Nardelli, Latva-aho, and Weber, 2014). Moreover, THz and 
sub-THz wireless links experience high penetration losses and reduced diffraction (Bai and 
Heath, 2015; Boulogeorgos, Papasotiriou, and Alexiou, 2018; Jain, Kumar, and Panwar, 
2018). In particular, even human body can decrease the signal power by approximately 
20-40 dB (Boulogeorgos, Goudos, and Alexiou, 2018). In other words, THz wireless 
systems are sensitive to blockages. To sum up, although THz wireless systems can open the 
possibility of unprecedented performances, we first have to deal with two limiting factors, 
namely, antenna misalignment and blockage. 

Usually, in the technical literature, the transceivers’ antennas are considered to be static 
and the technical challenge is in acquiring the appropriate direction that maximizes the 
received signal strength (see, for example, Ekti, Boyaci, Alparslan, and et al., 2017; Petrov 
et al., 2016, and references therein). However, in realistic scenarios, the antennas may not 
be static even in backhaul or fronthaul applications because of (1) environmental impacts, 
such as small earthquakes and winds (Boulogeorgos and Alexiou, 2019a; Boulogeorgos 
et al., 2019) or (2) stochastic tracking estimation error, which results in estimation errors 
in the DoA or angle of departure (Lee, Liang, Kim, and Park, 2017; Zhang, Ge, Li, Guizani, 
and Zhang, 2017); or (3) antenna array imperfections that include mutual coupling and 
array perturbation (Pradhan, Li, Zhuo, and et al., 2019). This is not a major problem 
at lower frequencies due to the use of large beamwidth antennas, that is, low antenna 
gains. Likewise, THz bands experience very large path loss and therefore maintaining 
sufficient link conditions require large antenna gains or equivalently antennas with 
extremely low beamwidth at both the TX and RX. As a consequence, antenna misalign- 
ment is expected to influence the design of THz systems. Modeling antenna misalignment, 
quantifying its effect on directional communications, and proposing mitigation solution 
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Figure 8.1 THz massive MIMO applications in the beyond 5G era. 
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become hot topics in the technical literature (see, for example, Boulogeorgos et al., 2019; 
Boulogeorgos, Papasotiriou, and Alexiou, 2019; Boulogeorgos et al., 2018; Kokkoniemi 
et al., 2019, and references therein). 

Regarding blockage, there have been several published works in the technical litera- 
ture, modeling its effect THz wireless systems, and proposing mitigation schemes. The use 
of stochastic geometry is the commonly used approach to model and assess the impact 
of blockage in a THz wireless system. In this direction, most authors employed Poisson 
point processes (PPPs) (see for example, Gapeyenko 2016, et al., 2017; Han, Wang, and 
Schotten, 2017; Khan and Heath, 2017; Moltchanov, Kustarev, and Koucheryavy, 2018; 
Niknam, Natarajan, and Barazideh, 2018; Petrov et al., 2016) to accommodate the impact 
of human/object blockage in two (2D) and three dimensional (3D) cases (considering the 
blocker’s height, as stochastic or a deterministic parameter) geometrical representations. 
Another approach that is usually employed is to model the position of the blockers through 
a uniform (Dong, Liao, and Zhu, 2012; Erturk and Yilmaz, 2018), or an exponential 
distribution. Additionally, there are studies that assume a deterministic blockage prob- 
ability (Lin and Weitnauer, 2014). To countermeasure blockage, the use of coordinated 
multipoint (CoMP), relaying (Boulogeorgos et al., 2018; Wang, Niu, and H. Wu, 2019), 
and reflected links (Monti, Soric, Alu, Bilotti, Toscano, and Vegni, 2012; Renzo, Debbah, 
and Phan-Huy, 2019) were reported in the literature. 

Motivated by the importance of modeling, assessing, and mitigating the effect of 
antenna misalignment and blockage in THz systems, the scope of this chapter is to report 
appropriate antenna misalignment models, together with results that quantify the influ- 
ence of antenna misalignment, as well as the corresponding mitigation approaches, such 
as beam-tracking and relaying. Moreover, after presenting the different types of blockage, 
namely self-blockage, static, and dynamic blockage, we report theoretical models that 
can accommodate their particularities accompanied by respective results that reveal the 
influence of different types of blockage in THz wireless systems. Finally, we deliver the 
appropriate performance indicators for the statistical characterization of blockage as well 
as mitigation approaches (i.e., CoMP, relaying and reflected links) that are currently under 
investigation. 

The rest of this chapter is structured as follows: Section 8.2 presents the antenna mis- 
alignment models, assesses its impact on the THz wireless system performance, and 
discusses mitigation approaches. Similarly, Section 8.3 identifies the blockage types and 
provides their corresponding models accompanied by their statistical characterization. 
Moreover, mitigation approaches against blockage are discussed. Finally, Section 8.4 
summarizes the chapter and provides concluding remarks. 


8.2 Antenna Misalignment 


As illustrated in Figure 8.2, antenna misalignment may occur in both backhaul 
(Boulogeorgos et al., 2019) and fronthaul (Bai and Heath, 2015) wireless THz links. In the 
former case, the main cause of antenna misalignment is wind, small earthquakes, and 
other environmental phenomenon, while, in the latter case, it is the result of tracking esti- 
mation errors and antenna array imperfections. Next, we present a number of different 
antenna misalignment models, identify the advantages and disadvantages as well as the 
suitability of each model for each use case, and assess the influence of antenna 
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Figure 8.2 Antenna misalignment in backhaul (a) and fronthaul (b) application scenarios. 


misalignment on the THz wireless system performance. Finally, we report and explain the 
most commonly used antenna misalignment mitigation approaches. 


8.2.1 Antenna Misalignment Modeling and Impact Assessment in 
THz Wireless Systems 


Section 8.2.1.1 presents the Gaussian distributed beamsteering errors model, which is 
widely used to model the DoA and angle of departure (AoD) estimation error, accom- 
panied by novel closed-form expressions that quantify the performance degradation, due 
to this type of antenna misalignment, in terms of the expected value of the total direc- 
tional gain. Moreover, Section 8.2.1.2 discusses the 2D Gaussian shaking of a single node, 
which is usually used to accommodate the impact of antenna shaking due to wind, small 
earthquakes or other environmental phenomena. Finally, in Section 8.2.1.3, the wind 
vibration antenna misalignment model is presented, which accommodates the effect of 
antenna shaking because of wind. 


8.2.1.1 Gaussian Distributed Beamsteering Errors 


This model was introduced in Bai and Heath (2015) and accommodates the stochastic 
antenna beamsteering error. In more detail, by respectively denoting the beamsteering 
errors of the BS and the user equipment (UE) as e, with z € {B,U} (see Figure 8.3), and 
assuming that e, and €y are independent and identical zero-mean Gaussian distributed 
random processes with variance op and oy', respectively, their cumulative density functions 
(CDFs) can be expressed as (Papoulis and Pillai, 2002) 


EE) (8.1) 


where z € {B,U} and erf (-) stands for the error function. Notice that this is a 2D model. 
To quantify the influence of antenna misalignment in the link budget, we approximate 
the actual beamforming pattern based on the sectored model. Note that this model has 
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BS 


Figure 8.3 Beamsteering errors. 


been also employed in several previously published contributions, including Alkhateeb 
et al. (2014a) due to the fact that it is able to capture the key characteristics of the actual 
beamforming pattern, such as the half-power beamwidth as well as the front-to-back 
ratio. According to this model, the antenna gain can be obtained as 


2m 1 1 
U| —@ 8.2 
1): y,+1 (5 7 2) oe 


2m Y, 1 
G,(8,,2) = iz hofie, 


where U (-) represents the unit step function, z € {B,U}. Additionally, 0, represents the 
beamwidth of the node z € {B,U} main lobe, g stands for the angle of the boresight dir- 
ection, and y, is the forward-to-backward power ratio that can be expressed as (Bai and 
Heath, 2015) 


20 
„= 8.3 
YG, (20-8,) a 
with a, being an antenna-specific constant. 


From (8.2), we can straightforwardly obtain the total directional gain between the BS 
and the UE as 


D = Gy (65, Øg + Er )Gu (Oy, OG + eu), (8.4) 


where p* and p%y are the error-free boresight directions of the BS and UE, respectively. 
Moreover, since €p and €y are independent, the expected value of D can be expressed as 


b[D] =B[ Gs (65, 8+ es) JE[ Go (0, 29+ €v )]. (8.5) 


Note that 


|c, (8 g+ e,)|= [7 s, (2.0 e. )f, (cdg, (8.6) 
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with z € {B,U} and f., (e,) being the PDF of e, which, with the aid of (8.1), can be 
evaluated as 


fe, (o). (8.7) 


f. (3) pei (5) 


By substituting (8.2) and (8.8) into (8.6), we can derive 
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dx. 


Additionally, by performing the integration, (8.9) can be rewritten as 
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Finally, by applying (8.10) into (8.5), we extract the expected value of the total directional 


gain as 
9 T 0 
2nerf R 277, | erf erf 2 
úi aa ) 4: É | ea ea ) 


i[D] = 
CPT (1+ %)(27- 8) 
YB 
(8.11) 
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From (8.11), it is evident that the expected value of the total directional gain depends on 
the type of the BS and UE antennas, their beamwidths, as well as op and oy. 
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Figure 8.4 Directional gain vs angular misalignment standard deviation for different values of antenna 
beamwidth. 


In Figure 8.4, the expected value of the total directional antenna gain is plotted against 
the angular misalignment standard deviation, o, for different values of antenna beamwidth, 
0. Of note, in this figure, it is considered that op = oy = o and 0, = 0, = 0. Moreover, 
4 = dp = ay = 1. As expected, for a given 0 > 0.10, where the beamsteering error falls outside 
the half-power beamwidth, as o increases, the expected value of the total directional 
antenna gain decreases, whereas, for 0 < 0.10, the beamsteering error falls within the half- 
power beamwidth of both the transceivers antennas; hence, there is no effect on the system 
performance. Likewise, we see that as 0 increases, the expected value of the total direc- 
tional gain decreases; however, its tolerance to antenna misalignment increases. The reason 
behind this is that as the half-power-beamwidth increases, the antenna gain decreases; 
thus, the directionality gain also decreases. On the other hand, as the half-power- 
beamwidth increases, the probability for the two beams to be partially or fully aligned 
increases. Finally, Figure 8.4 reveals the importance of modeling the angular misalignment 
when computing the system performance. For example, for 8 = 0.01° and o=0.1°, an 
approximately 10 dB total directional gain evaluation error occurs, if we neglect the 
impact of antenna misalignment. 

The Gaussian distributed beamsteering errors model is tractable and suitable for mod- 
eling tracking estimation errors. Its main disadvantage is that it accommodates only the 
horizontal angular error and it totally neglects the vertical one. In other words, it is a one 
dimensional (1D) model. 


8.2.1.2 Two-Dimensional Gaussian Shaking of a Single Node 


As demonstrated in Figure 8.5, the 2D Gaussian shaking of a single-node model 
accommodates scenarios in which either the BS or the UE experience antenna misalign- 
ment (Kokkoniemi, Boulogeorgos, Aminu, Lehtomaki, Alexiou, and Juntti, 2020). Without 
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Figure 8.5 Two-dimensional Gaussian shaking of (a) the UE, (b) the BS in fronthaul scenarios, and (c) a single 
BS in backhaul scenarios. 


loss of generality, in what follows, we examine a downlink scenario in which the UE 
shakes. Likewise, it is assumed that the RX antenna pattern provides a circular effective 
area. The radius of this area is a. Moreover, the TX beam is circular and at a transmission 
distance, d, has a radius p, with p € [0,w,]. Of note, w4 is the maximum radius of the TX 
beam footprint at d. Moreover, as illustrated in Figure 8.6, both the RX antenna effective 
area and the TX beam footprint are in the x-y plane. Finally r represents the pointing error. 

The normalized spatial distribution of the TX signal at distance d can be obtained as 
(Farid and Hranilovic, 2007) 


P(p,d)=— cso =] (8.12) 
TW 4 w? 
where 
Wi = dran( &) (8.13) 


Additionally, the power collected by the effective area of the RX antenna can be obtained as 
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Figure 8.6 RX plane. 


h, (13d) =] P(p-r,d)dp, (8.14) 


where € is the RX effective area. By following the same procedure as in (Farid and 
Hranilovic, 2007), 


2 
b, = So exp( -22] (8.15) 


e 


where Sọ and w, are respectively the fraction of the collected power when no antenna mis- 
alignment exists and the equivalent beamwidth and can be obtained as 


Sy = (erf(w)) (8.16) 
and 
PE iu, (8.17) 
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By further assuming that 
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and 
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where x, and y, are respectively the unit vectors of the x and y axis, are independent and 
identical Gaussian distributed random processes, then r is a Rayleigh distributed random 
process with PDF given by 


20; 


it 


fls)=-Zexo(- ao (8.21) 


where o, stands for the standard deviation of r (spatial jitter). Additionally, we can obtain 
the PDF of h,, with the aid of (15), as 


Ẹ g- 
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In this case, the total directional gain can be expressed as 


D =GGuh,. (8.24) 


Thus, the expected value of D can be obtained as 


i[D] = G,GuE[P, | (8.25) 


or equivalently 


[D] = GyGu f” xfh, (x)dx (8.26) 


Finally, by performing the integration, the expected value of D can be rewritten as 


stn] SoS? 
[D] = GG - 7 (8.27) 


From (8.27), it becomes apparent that the expected value of the total directional gain 
depends both on the transceivers antenna gains and on the TX antenna beamwaist at the 
RX plane as well as the spatial jitter variance. 

Next, we consider the backhaul scenario, in which both BSs are equipped with 


. 0 A 
Cassengrain antennas. In this case, w, can be evaluated as w4 = dtan T and 6, = 70—, 


d, 
where A and d, are respectively the transmission wavelength and the diameter of the TX 
antenna. In what follows, we set d = 30 m, G, = G, = 45 dBi. Moreover, the transmission 
frequency is f = 275 GHz. 
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Figure 8.7 Directional gain vs spatial jitter standard deviation for different values of antenna gains. 


Figure 8.7 plots the expected value of the total directional gain vs o,, for different 
G, = G,=G. For a given G, as o, increases, the expected value of the total directional gain 
decreases. Interestingly, for low values of o,, where the antenna misalignment is not quite 
important, we observe a total directional gain loss, due to the beam waist at the RX plain. 
Finally, from Figure 8.7, we observe that, for a given o,, as G increases, the expected value 
of the total directional gain also increases. 

This model can accommodate the impact of antenna misalignment that is due to nat- 
ural phenomena, such as wind, and small earthquakes. It is tractable; hence, it can be 
used for theoretical analysis purposes. Another important characteristic of this model 
is that it takes into account the TX beamwaist at the RX plane, thus, the transmission 
characteristics, namely transmission distance and frequency, as well as the type of the TX 
and RX antennas. 


8.2.1.3 Wind Vibration Antenna Misalignment Model 


Following the approach proposed in Piersol and Paez (2009) and Hur, Kim, Love, Krogmeier, 
Thomas, and Ghosh (2013), a wind vibration antenna misalignment model that takes 
into account the wind mean characteristics, such as the mean velocity, was developed. 
Specifically, after assuming that (i) the mean wind vector velocity, v, is unchangeable for 
small variations in the surface variables; (ii) the antenna height variable, z, is constant; and 
(iii) the z component of v is 0, the wind velocity can be expressed as 


v(t) =V+c, v(t) +c, v, (t), (8.28) 


where c, and c, are respectively unit vectors in the direction and orthogonal to mean 
wind direction. Likewise, v,(t) and v,(t) respectively stand for along-wind and across-wind 
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directions turbulence, which can be modeled as independent zero-mean Gaussian random 
variables with power spectral densities (PSDs) that can be respectively obtained as (Hur 
et al., 2013; Piersol and Paez, 2009) 


iy 5/3 
sf) = IDE (50 
TV 2m0 (8.29) 
and 
75? (, Sf” 
S = 1+ 8.30 
K (fe) 270 2 ( 
with f, being the wind frequency in Hz, v = lvl, and 
zu di Ž (8.31) 
2.5 Zo 


is the shear velocity at height z with a terrain roughness length parameter zo. Of note, Zo 
has been characterized in (Wieringa, 1986). 

Two mechanisms are responsible for the wind force that the antenna mounting pole 
experiences: 


e Orthogonal wind speed turbulence: The orthogonal wind speed turbulence is due 
to the wind drag resulting from the mean wind speed. The mean wind speed can be 
analyzed into two orthogonal wind speed components. In consequence, the orthogonal 
wind speed turbulence can be also written as the sum of two orthogonal components. 
Its impact is mainly on misalignment in the x-y plane, and it can be modeled by two 
aero-admittance functions H,,, H,2 that can be respectively obtained as 


|H,.]=2K,5 (8.32) 
and 
|H,5|=K, 0 (8.33) 
where 

1 
K, = 5 PCA. (8.34) 


is the air density in kg/m’. Of note, in (8.34), p,, Cp, and A, respectively stand for the 
air density, the drag coefficient, and the effective area in m?. 

Thus, the time-varying drag forces caused by the orthogonal wind speed turbulence 
components can be modeled as zero-mean random variables F, and F, with PSDs that 
can be expressed as (Hur et al., 2013) 
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Ss (EDEA Sulf) (8.35) 
and 
Sr, (fw) =|H, 2 i Su, (A). (8.36) 


e Vortex shedding: This phenomenon is created when the wind passes by the transceiver 
antenna supporting pole and results to a lifting force in the acrosswind direction, 
which can be approximately periodic. It is characterized by means of cortex-shedding- 
frequency that can be calculated as 


where S stands for the Strouhal number? and d, represents the pole diameter. 
Additionally, the PSD due to vortex shedding can be evaluated as 


1.125 f, 


ex 
thf, | | 0-18 


Sr, (fr) = K3 (8.38) 


The aforementioned forces compose a mechanical model that accommodates the antenna- 
mounting pole with a transfer function that can be obtained as 


n n 


Hp (fy) = [inen (- fue 2) (8.39) 


where m denotes the mass of the antenna on the pole’s top, while 6 and f, respectively 
represent the damping coefficient of the natural frequency. From (8.39), we can derive the 
pole-displacement PSDs as 


TAAA (8.40) 


and 


AAD AARIS (8.41) 


As illustrated in Figure 8.8, we define AL,(t) and AL,(t) as the relative displacements of 
the tops of the poles at the two links’ ends. Moreover, let us assume that the link transmis- 
sion distance equals d. Next, we examine the worst case scenario, in which the expected 
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Figure 8.8 An indicative example of (a) aligned beams and (b) pole movement due to wind. 


value of the wind-direction is perpendicular to the beam direction. As a consequence, the 
sway angle can be obtained as 


Attn (205) (8.42) 


d+ AL, (t) 
Finally, the beam outage probability can be mathematically defined as 
Ps (sas) = Pr(|p ()| > Omac)s (8.43) 


where Omax is the maximum allowable deflection angle and is connected with the half 
power beamwidth of the RX antenna, 034g, through 


Onax = bOr š (8.44) 


with b being the fraction ratio, which is beamforming gain loss specific. Notice that when 
the absolute value of the sway angle surpasses the maximum allowable deflection angle, 
the communication is interrupted and an outage phenomenon due to antenna misalign- 
ment occurs. Note that (8.43) can be evaluated through simulation, according to the pro- 
cess described in (Shinozuka and Deodatis, 1991). 

Next, we provide simulation results that quantify the beam outage probability for the 
following insightful scenario. We assume that f, = 1 Hz, fẹ = 20 Hz, 6 = 0.002, m = 5 kg, 
A. = 0.09 m, b = 0.3578, 8348 = 2°, pa = 1.22 kg/m? and Cp = 0.5. Moreover, 29 = 2 m, and 
d = 30 m. Notice that the simulation parameters that are used are realistic and correspond 
to a THz wireless fiber extender application. 

Figure 8.9 demonstrates the beam outage probability as a function of the wind velocity 
for different sp. From this figure, it becomes apparent that, for a given 0;4p, as v increases, 
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Figure 8.9 Beam outage probability vs wind velocity for different half-power beamwidths. 


the beam outage probability also increases. Additionally, for a given v, as 034, increases, 
the impact of pointing errors becomes less severe; thus, the beam outage probability 
decreases. 

The model presented in this section accommodates the impact of antenna misalignment 
due to the wind. It takes into account the winds characteristics, namely wind velocity and 
frequency, as well as its density. However, it does not account for the beam waist and it is 
not tractable for theoretical analysis. 


8.2.2 Beam Misalignment Mitigation Approaches 


This section discusses the key antenna misalignment mitigation approaches that are 
reported in the current technical literature. In particular, Section 8.2.2.1 presents the 
different beam-tracking approaches and identifies the advantages and disadvantages of 
each one of them, while Section 8.2.2.2 explains how relaying strategies can be used as 
countermeasures to antenna misalignment. 


8.2.2.1 Beam-Tracking 


One of the critical tasks of wireless systems is channel estimation. As a result, a signifi- 
cant amount of effort was put on developing channel estimation approaches in systems 
operating in low-RFs (see, for example, Kim, 2015 and references therein). However, in 
general, these approaches cannot be adopted in millimeter wave (mmW) and THz systems 
due to the following issues: 


(1) High-frequency transceivers are equipped with a limited number of RF chains in order 
to constrain the implementation cost and the power consumption (Alkhateeb, Mo, 
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Gonzalez-Prelcic, and Heath, 2014b). This leads to several limitations concerning the 
beamforming and combining types that can be employed (Zhang, Guo, and Fan, 2016). 

(2) Because of the limited scattering of the THz channel, it becomes possible to provide 
accurate estimation of channel parameters, like AoD and AoA instead of each element 
in a large channel matrix (Zhou and Ohashi, 2015). 


Motivated by the above, a number of beam-tracking approaches have been reported. In 
more detail, the following type of beam-tracking approaches are investigated: 


e Exhaustive search-based methods: As proposed in IEEE 802.11ad standard and 
adopted by IEEE 802.11ay (Ghasempour, da Silva, Cordeiro, and Knightly, 2017), a 
simple approach to estimate the channel is to exhaustively search the AoD and AoA, 
and choose the direction with the largest gain. In particular, the following procedure is 
performed. The time is divided into a number of beam-training cycles. Each cycle has 
a duration T, which is used by the BS to initiate a cell search (CS) procedure. During 
the CS, the BS uses different codebooks to sweep through N, ideally non-overlapping 
identical directions in order to virtually broadcast synchronization signals. At the 
same time, the UE sweeps through N, RX beamforming identical directions and 
performance energy detection. This procedure is followed by a random access (RA) 
phase. In the RA phase, the UE sends a connection request to the BS, and the BS 
station replies with a random access response (RAR). Finally, the data transmission 
(DT) phase follows. This procedure was analyzed and its effectiveness was quantified 
in Boulogeorgos and Alexiou (2019b) and Machado et al. (2019). In these works, 
the authors have theoretically shown the high accuracy of this approach, explained 
that it can significantly reduce the tracking estimation error, and highlighted that it 
comes with the cost of unacceptably high tracking overhead that is translated into a 
beam-training latency in the order of ms. Another disadvantage of this approach is 
that it obtains only coarse knowledge of the channel and as a consequence spatial 
multiplexing cannot be exploited. 

¢ Hierarchical beam-searching methods: To break the barriers of exhaustive search-based 
methods, beamwidth-adaptive algorithms that essentially scan the beamdirections 
by employing beamforming codebooks with different beamwidths in a hierarchical 
manner have been presented (see, for example, Alkhateeb, El Ayach, Leus, and Heath, 
2014a and references therein). Specifically, each codebook consists of a predetermined 
number of levels, which have different number of codewords and different resolution. 
In other words, the beam coverage varies among different levels. As the index of the 
codebook level increases, the beamwidth of the corresponding codewords decreases. 
This indicates that higher levels of the codebook return a higher number of codewords 
with narrower beamwidth. The BS and UE first perform an exhaustive search over 
wide beams, that is, using the lowest level of the codebook, and then refine to search 
narrow beams, where higher levels of the codebook are used. In comparison with 
exhaustive search, hierarchical search generally has smaller beam-training latency, 
however, it is unable to provide the coverage performance to the cell-edge users of the 
exhaustive search approach (Giordani, Mezzavilla, Barati, Rangan, and Zorzi, 2016). 

e Perturbation methods: These approaches are based on the basic assumption that 
the UE position does not significantly vary from one transmission to the next; 
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hence, it can be predicted. In this sense, these methods design the training beams 
by perturbing the present beam's weights and selecting the training-beam that 
provides the highest gain for weight update (He, Kim, Ghauch, Liu, and Wang, 
2014). A similar approach was discussed in Gao, Dai, Zhang, Xie, Dai, and Wang 
(2017), where a priori aided channel tracking scheme was presented. In particular, 
by considering a linear motion model, the physical directions temporal variation 
law the between the BS and the UE was discovered. Then, building upon this law 
and the sparse nature of THz channels, the beamspace channels in the previous 
time slots was employed in order to predict the information of the beamspace THz 
channel in the next time slot. Evidently, the aforementioned methods can signifi- 
cantly reduce the beam-tracking latency with a cost on the estimation accuracy. 
Moreover, they require a priori knowledge of the UE motion, which, in several real- 
istic scenarios, may not be possible. 

e Lower-frequency-based tracking methods: The use of lower-frequencies for tracking 
purposes was discussed in several works, including Boulogeorgos et al. (2018), Tong 
and Han (2017), Yao and Jornet (2016). These methods enable the use of well- 
investigated UE localization techniques in THz wireless systems; however, it requires 
the BS and UE to be equipped with lower-frequency transceivers, which increases the 
implementation cost and the transceiver’s complexity; hence, it results to a significant 
reduction of the mobile UE energy autonomy. Moreover, due to the blockage and 
antenna misalignment, the utilization of a microwave channel does not necessarily 
result in the establishment of the corresponding THz link. 


To sum up, we observe that there exists a trade-off between tracking accuracy and latency. 
Low beam-tracking accuracy may cause significant angular misalignment errors, which 
may be detrimental for the system reliability. On the other hand, approaches with high 
beam-tracking accuracy, in most cases, are accompanied by high beam-tracking latency, 
which can significantly reduce the effective throughput. 


8.2.2.2 Relaying 


A possible approach to mitigate the effect of antenna misalignment is the use of relaying 
selection (RS) strategies. In order to present the effectiveness of this approach we con- 
sider a dual-hop THz decode-and-forward (DF) RS system depicted in Figure 8.10. The 
system consists of one source (S), N relays and one destination (D). S, R, and D nodes 
are equipped with high-gain antennas and operate in half-duplex mode, that is, in each 
timeslot a node can either transmit or receive a message. Moreover, due to the use of high- 
gain antennas, in each timeslot, S can only transmit in one R node and only one R node 
can communicate with D. Each transmission period is composed of two phases. In the first 
phase, the S transmits to a predetermined relay, R», which is selected in accordance to the 
following rule: 


R* = argmax(yi). (8.45) 


where ypr' is the equivalent end-to-end SNR for the link between the S, the i-th relay and 
the D, which can be obtained as 
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Figure 8.10 System model. 
Yor = min(7;, 75), (8.46) 


with, andy}, respectively being the SNRs at R; and D, which can be obtained as 


ADP, 

y = In (8.47) 
and 

ip 

n= A, (8.48) 


In (8.47) and (8.48), P,, P,, and N, are respectively the S, R; transmission powers, and the 
noise power. Moreover, hi and hj are the S-R; and R;-D channel coefficients and can be 
respectively obtained as 


hi = hihi (8.49) 
and 

by = hihi» (8.50) 
where |Pi, * and bi „respectively represent the deterministic path-gain and the antenna mis- 


alignment coefficients of the S-R, link, while |hi, i and hi the corresponding ones of the 


R;D link. 
The path-gain coefficients can be expressed as 


hi, = bihi, (8.51) 
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where bi, models the propagation gain of the j-th link and, according to Friis equation, can 
be modeled as (Balanis, 2008) 


` cG/Gi 
pi, = D2 (8.52) 


4nfid, 


where G/ and Gi respectively stand for the antenna orientation-dependent TX and RX 
gains, c denotes the speed of light, f, represents the operating frequency of the j-th link and 
d, stands for the transmission distance between the TX and the RX of the j-th link. 

Additionally, Pi, denotes the molecular absorption gain in the j-th link and can be 
evaluated as (Kokkoniemi, Lehtomaki, and Juntti, 2018) 


bi, = exp(-ke(f)¢ (8.53) 


where k,(f;) is the absorption coefficient describing the relative area per unit of volume, 
in which the molecules of the medium are capable of absorbing the electromagnetic wave 
energy (Boronin et al., 2014; Jornet and Akyildiz, 2011). To evaluate the molecular absorp- 
tion coefficient, we use the model presented in Kokkoniemi et al. (2018). Based on this this 
model the absorption coefficient can be evaluated as 


kali) = 91 (foe) +92 (for) + elf) (8.54) 


where the parameters y,(f,v), y2(f,v) and g(f;) are defined as 


yi (fv) = a m (8.55) 
Bo)+[ ti-e.) 
ji Asu) aa - (8.56) 
(v) 4- 3 
and 
e(£)= pif? + pf? + Daf + ba (8.57) 


where c represents the speed of light, while c, = 10.835 cm, c, = 12.664 cm“, p, = 5.54 x 
10-37 Hz-3, p, = -3.94 x 105 Hz, p; = 9.06 x 10-4 Hz", p4 = -6.36 x 10-3 and 


A(v) = gv(g.v+ 8), (8.58) 
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B(v)=(gyv+gs) (8.59) 
C(v) = gsv(gsv+ 87), (8.60) 
D(v) = (gu + ge) (8.61) 


with g, = 0.2205, g, = 0.1303, g, = 0.0294, g, = 0.4093, g; = 0.0925, g; = 2.014, g; = 0.1702, 
g- = 0.0303, g; = 0.537 and g, = 0.0956. Likewise, v denotes the volume mixing ratio of 
the water vapor and can be obtained as (Kokkoniemi et al., 2018) 


y= $ Pol(TP) (8.62) 


100 p 


where ọ and p are the relative humidity and atmospheric pressure, respectively. Moreover, 
Pw(Lp) denotes the saturated water-vapor partial-pressure in temperature T, which 
according to Alduchov and Eskridge (1996), can be calculated as 


Pw (T, p)= q (a + 439s) (8.63) 


with q; = 6.1121, q) = 1.0007, q3=3.46 x10-*hPa-1,q,= 17.502, q5=273.15 K, qe=32.18°K 
and g, standing for the pressure in hPa. Of note the accuracy of the presented model was 
validated for up to 1 km links in standard atmospheric conditions. 

By assuming that all the links are independent, the outage probability can be obtained as 


N, 
Po = [ [ P. (br < Ya)» (8.64) 
i=1 


where ya stands for the SNR threshold. With the aid of (46), P, (ybe < Ya) can be 
evaluated as 


P. (Yor < Yn) = P(min(pi, 4) S Ya) (8.65) 
or equivalently 

P.(Yor < Ya) = 1-P.(min(7i, %4)> ya) (8.66) 
which can be rewritten as 

P. (Yor S Yn) 1-P (7 > ra NLA > Yat) (8.67) 


Since i and 7, are independent random variable, (67) can be rewritten as 
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P. (Poe < Yn) =1-P. (7i > Yn) Pr (Hh > Ya), (8.68) 


which can be equivalently written as 


P, (Ybr < Ya)=1-(1-Pr(% < Ya))(1-Pr(7} < Ya )) (8.69) 


Finally, by substituting (8.69) into (8.64), we can write the outage probability as 


N, 


P, = JI(1-(1-Pr(7 < Ya ))((1-Pr(7 < Ya )))) (8.70) 


i=1 


Note that a similar expression to (8.70) has been obtained in several previously published 
works, including Boulogeorgos (2016) and Mokhtar, Boulogeorgos, Karagiannidis, and 
Al-Dhahir (2014). Notice that (8.70) is independent of the path-loss and antenna mis- 
alignment model that is employed. 

Next, we provide illustrative results that quantify the impact of antenna misalignment 
in THz wireless relaying systems and reveal the efficiency of the RS strategy. For conveni- 
ence, the path-loss is provided by the model presented in Boulogeorgos et al. (2019), while 
for the antenna misalignment, the model discussed in Section 8.2.1.2 is used. The system 
parameters that are considered are summarized in Table 8.1. Of note, for the simulated 
scenario, we assumed that the TX and RX antenna have the same gain. This is because, in 
practice, relays usually use the same antenna for transmission and reception. As a conse- 
quence, the TX and RX antenna gains are the same. However, notice that we also take into 
consideration case in which the transceivers have different TX and RX antennas. 

Figure 8.11 depicts the outage probability as a function of the source transmission SNR 
to SNR threshold ratio, for different values of relay transmission SNR to SNR threshold 
ratio and spatial jitter standard deviation, assuming that N, = 1. We observe that, for a 
given relay transmission SNR to SNR threshold ratio and jitter standard deviation, as the 
source transmission SNR to SNR threshold ratio increases, the outage performance 
improves. Similarly, for a fixed source transmission SNR to SNR threshold ratio and jitter 
standard deviation, as the relay transmission SNR to SNR threshold ratio increases, the 
outage probability decreases. Finally, it is evident that the effect of misalignment fading on 


Table 8.1 Relaying system parameters. 


Parameter Value 
Relative humidity 50% 
Atmospheric pressure 101,325 Pa 
Air temperature 296 K 
Transmission frequency 275 GHz 
TX antenna gains (in both S and R; nodes with i = I.,---,N,) 55 dBi 

RX antenna gains (in both S and R; nodes with i = I,--,N,) 55 dBi 

S-R, distance with i = I,---,N, 3m 


R-D distance with i = I,--,N, 3m 
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Figure 8.1 | Outage probability as a function of the source transmission SNR to SNR threshold ratio, for 
different values of relay transmission SNR to SNR threshold ratio and spatial jitter standard 
deviation, assuming one relay node. 


the outage performance of the THz relaying system is independent from the level of trans- 
mission power of both the source and relay. 

Figure 8.12 demonstrates the outage performance and the robustness of the THz DF 
SR system to antenna misalignment. In more detail, it illustrates the outage probability 
as a function of the transmission SNR to SNR threshold ratio, for different values of 
number of relays and spatial jitter standard deviation, assuming a fixed relay transmis- 
sion SNR to SNR threshold ratio that equals 10 dB. As expected for a given number 
of relays and spatial jitter standard deviation, as the source transmission SNR to SNR 
threshold ratio increases, the outage probability decreases. Interestingly, there is an 
outage probability floor, in the high-source transmission SNR to SNR threshold ratio 
regime. In more detail, when source transmission SNR to SNR threshold ratio is greater 
than the corresponding relay transmission SNR to SNR threshold ratio, the outage 
probability is constrained by the minimum performance of the R*-D link. Likewise, we 
observe that, for a given source transmission SNR to SNR threshold ratio and number 
of relays, as the spatial jitter standard deviation increases, the outage performance sig- 
nificantly degrades. Finally, for a given source transmission SNR to SNR threshold ratio 
and spatial jitter standard deviation, as the number of relays increases, the outage per- 
formance improves. This indicates that the use of THz DF SR can counterbalance the 
impact of antenna misalignment. 

To sum up, our results revealed that the effect of antenna misalignment in THz wireless 
SR system is detrimental. However, by increasing the number of relays, we can signifi- 
cantly limit the impact of antenna misalignment. Other alternatives are to increase the 
transmission power at both the source and relay nodes, or equivalently to decrease the 
spectral efficiency of the transmission scheme. 
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Figure 8.12 Outage probability as a function of the source transmission SNR to SNR threshold ratio, for 
different values of number of relays and spatial jitter standard deviation, assuming that the relay 
transmission SNR to SNR threshold ratio equals 10 dB. 


8.3 Blockage 


This section is organized as follows: Section 8.3.1 reports the type of blockage and 
conducts a brief literature review on the models that are used to accommodate their par- 
ticularities, while Section 8.3.2 is focused on presenting the statistical characterization of 
some of the most-commonly used blockage models. Finally, Section 8.3.3 reports blockage 
mitigation approaches. 


8.3.1 Blockage Types and Models 


A THz wireless link may experience three different types of blockage, namely static, 
dynamic, and self-blockage (Jain et al., 2018): 


e Static blockage is caused by buildings and permanent structures (Bai, Vaze, and Heath, 
2012) and it can be modeled by means of random shape theory and stochastic geom- 
etry principles. In more detail, let us assume the 2D problem, that is, we neglect the 
buildings height, and a set of bounded 2D objects S. By randomly placing objects from 
S on the 2D plane at points, which are created by a Poisson point process (PPP) and 
with an orientation that follows a uniformly distribution with range [0,27), we can 
model the urban propagation environment. This type of blockage can cause a per- 
manent interruption of the line-of-sight (LoS) link. However, due to the short range of 
the THz link, it is not expected to play an important role on the system performance. 

e Dynamic blockage is caused by mobile humans and vehicles, which may result in 
interruptions to the LoS THz link. This type of blockage was considered of high import- 
ance by the third generation partnership project (3GPP) and was analyzed in Release 
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14 of the technical report (TR) 38.901 (3GPP, 2017). Dynamic blockage was modeled 
in Gapeyenko et al. (2016), where a static user was assumed to be served by a single 
BS, which is located in a fixed position, while the location and number of blockers 
were generated through a PPP. Similarly, in Wang, Venugopal, Molisch, and Heath 
(2017), the authors used the Manhattan Poisson point (MPP) process model in order 
to accommodate the blockage effect in road intersection scenarios. In MacCartney, 
Rappaport, and Rangan (2017), the authors fitted measurements of a BS-UE link to a 
Markov model. A similar approach was considered in Raghavan, Akhoondzadeh-Asl, 
Podshivalov, Hulten, Tassoudji, Koymen, Sampath, and Li (2019), where the authors 
fitted the blockage measurements in a variety of different statistical models. Finally, 
3D blockage models were presented in Han et al. (2017) and Jain et al. (2018). 

e  Self-blockage occurs when the UE transmit or receive signal is obstructed by the 
user’s own body. In Raghavan et al. (2019), its detrimental effect was revealed 
through experiments and a statistical self-blockage model was presented, while in 
(Abouelseoud and Charlton (2013), simulation models were employed to quantify 
this effect. Finally, in Bai and Heath (2014), stochastic geometry tools were used to 
compute the received signal strength due to self-blockage. 


To quantify the effect of blockage on the THz wireless system performance, in what 
follows, we use the blocking probability that is defined as the LoS link is interrupted due 
to the existence of an obstacle (3GPP, 2017; Zafer and Modiano, 2006). 


8.3.2 Statistical Characterization 
8.3.2.1 Urban Outdoor Micro-Cellular Model 


The urban outdoor micro-cellular model was introduced by 3GPP for mmW wireless 
system (3GPP, 2017). According to this model, the probability of a link of length d to be 
LoS can be obtained as 


adh ie d od 
n(d)=min( $51] exo 2) sex 2), (8.71) 


where d, = 36 m. Hence, the blocking probability can be expressed as 


P, (d)=1-P, (d), (8.72) 


or equivalently 


we 4), exol 4 
P (d)=min( 41] cx rel 2) (8.73) 


From (8.73), it is evident that, according to this model, the blocking probability only 
depends on the length of the BS-UE link. This is based on the logical assumption that as 
the transmission distance increases, the probability that at least one static one moving obs- 
tacle to exist between the TX and RX increases. 
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Figure 8.13 Blocking probability as a function of d/d, for urban outdoor micro-cellular scenarios. 


Figure 8.13 illustrates the probability that the link is blocked as a function of d/d, 
assuming an urban outdoor micro-cellular scenario. As expected, as d/d, increases, the 
probability that a blocker will interrupt the LoS link increases; hence, the blocking prob- 
ability also increases. 


8.3.2.2 Random Shape Theory-based Model 


By employing random shape theory described in Section 8.3.1, in Bai, Vaze, and Heath 
(2014), it was proven that the probability of LoS link under dynamic blockage can be 
obtained as 


P, (d) = exp(-gd), (8.74) 
where 
m 1n(1— ky) 
__ 7 
8 a (8.75) 


where k,is the fraction of the area covered by buildings, rẹ is the average building perim- 
eter, and A is the average building area. From (8.74), we can straightforwardly obtain the 
blocking probability as 


P, (d) = 1-exp(—gd). (8.76) 
Notice that this model takes not only into account the link length, but also the mean 


characteristics of the blockers. Finally, it is worth noting that this model is tractable; hence, 
it can be used in the theoretical analysis of the THz system performance. 
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Figure 8.14 Blocking probability as a function of the transmission distance of the link for different values of 
the portion of the area covered by buildings. 


Figure 8.14 depicts the blocking probability as a function of ką, assuming rg = 50 m and 
A = 100 m*. As expected, for a given ky, as d increases, P, also increases. Finally, for a 
given d, as k, increases, the number of blockers also increases; hence, Pp increases. 


8.3.2.3 LoS Ball Model | 


According to the LoS ball model, which was introduced in Bai and Heath (2015), the LoS 
probability can be written as 


_ fl,forx< Dp, 
HAd)= a otherwise 1877) 


where Dy can be evaluated by fitting the LOS association probability with 1 - exp(—aD>). 
Of note, represents the density of the BS, which are generated by means of a PPP. 


8.3.2.4 LoS Ball Model 2 


The probability of LoS link based on the LoS ball model 2 is also given by (8.77) (Bai and 
Heath, 2015). The difference with the LoS ball model 1 is that the parameter D, is selected 
such that the mean number of LoS BSs that are in LoS with the UE under investigation, 
is matched. 


8.3.3 Blockage Mitigation Approaches 


Two types of blockage mitigation approaches have been identified, namely CoMP and 
(active/relaying and passive/reconfigurable intelligent surface (RIS)-assisted) reflected links. 
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8.3.3.1 Coordinated Multipoint 


To mitigate the impact of blockage in THz wireless systems, it is expected that a single UE 
will be simultaneously associated with several BSs and joint transmission (JT) or selection 
diversity (SD) will be employed as a downlink coordinated multipoint (CoMP) technique 
(Boulogeorgos, 2016; MacCartney and Rappaport, 2019). JT requires the UE to be sim- 
ultaneously connected to more than one BS. In other words, the UE should be able to 
employ a type of hybrid beamforming. On the other hand, in SD, the UE is connected to 
the BS from which the maximum throughput can be achieved. For both techniques, the BS 
needs to share channel state information. 

Next, let us assume the insightful scenario, in which a single UE is connected to N BS 
through N independent THz link. The probability that all the link are simultaneously 
blocked is independent of the type of CoMP that is used, and can be obtained as 


N 
psoe = IT , (8.78) 
ict 


where P,; is the probability for the link between the i-th BS and the UE to be blocked. 

In order to evaluate the efficiency of CoMP, let us now assume that blockage can be 
modeled according to the random shape theory based model presented in Section 8.3.2.2, 
and that the UE is at the center of a circle of radius d and that N BSs are located on the 
circle perimeter. Moreover, we set rg = 50 m, k, = 50%, A = 100 m?. For this scenario, 
Figure 8.15 plots the blocking probability as a function of d, for different values of N. As 
expected, for a given N, as d increases, P, also increases. This indicates the significance of 
taking into consideration the impact of blockage in CoMP systems. 
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Figure 8.15 Blocking probability in CoMP as a function of the transmission distance for different values of 
available BSs. 
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Additionally, we observe that, for a given d, as N increases, the number of alterna- 
tive links also increases; hence, P, decreases. This reveals the effectiveness of the CoMP 
approach. 


8.3.3.2 Reflected Links 


Another approach to mitigate the impact of blockage is to create alternative links 
through relays or RIS. Let us consider the same system model as in Section 8.2.2.2, 
that is, a single S equipped with a high-gain antenna communicates with the D through 
1 of the N available relays or by using 1 out of the N available metasurfaces of the 
RIS. In this scenario, the S-R;-D path will be blocked if and only if one at least one of 
the S-R; or/and R,-D is blocked. In other words, the S-R,D path will be unblocked if 
and only if both the S-R; and R,-D links are unblocked. This can be mathematically 
expressed as 


P = (1- Py )(1- P4), (8.79) 


where P; ; represents the probability that both the involved links are unblocked. Hence, the 
probability that at least one link is blocked, can be obtained as 


Ph, =1- Ppi, (8.80) 
or equivalently 
Ri = 1(1- Py )(1- PR), (8.81) 


where P;' and Pý are respectively the probabilities that the S-R; and R,-D link is blocked. 
Finally, by assuming that all the paths are independent, the blocking probability of the 
relaying or RIS-assisted THz system can be expressed as 


N 
Py = [ [B (8.82) 
i=1 


In order to quantify the efficiency of this approach, let us use the blockage model 
presented in Section 8.3.2.2 and let us set rg = 50 m, ky = 50%, A = 100 m?. In this direc- 
tion, Figure 8.16 depicts the blocking probability as a function of the distance between S 
and R/RIS, d, which is assumed to be equal to the R/RIS-D distance, for different values of 
N. From this figure, we observe that, for a given N, as d increases, the blocking probability 
increases. Moreover, for a fixed d, as N increases, the blocking probability decreases. 
This indicates that relaying and RIS-assisted systems can be used as countermeasures to 
blockage. Finally, by comparing the results of Figures 8.15 and 16, it becomes evident 
that CoMP outperforms relaying/RIS-assisted systems in terms of blockage mitigation 
efficiency. 
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Figure 8.16 Blocking probability as a function of the transmission distance (d) for different values of N in 
relaying and RIS-assisted systems. 


8.4 Conclusions 


This chapter focused on presenting antenna misalignment and blockage models suitable 
for THz wireless systems. In more detail, the following antenna misalignment models 
were reported: (i) Gaussian distributed beamsteering errors, (ii) 2D Gaussian shaking of 
a single node, and (iii) wind vibration antenna misalignment model. For each of these 
models, the suitability of accommodating the impact of different sources of antenna mis- 
alignment was reported and their mathematical tractability was discussed. Additionally, 
the theoretical framework for the evaluation and quantification of the performance of 
this system under antenna misalignment, in terms of the expected value of the directional 
gain, was presented. Next, the chapter focused on presenting beam misalignment miti- 
gation approaches. Two fundamental types of such approaches were identified, namely 
(i) beam-tracking and (ii) relaying. Beam-tracking approaches were further classified in 
exhaustive search, hierarchical beam-searching, perturbation, and lower-frequency-based 
tracking methods. The advantages and disadvantages of each method were highlighted 
and the trade-off between tracking accuracy, complexity, and latency was discussed. In this 
sense, the need of presenting novel low-complexity beam-tracking approaches that can 
achieve specific latency requirements was recognized. To increase the THz wireless net- 
work robustness to beam-tracking errors, a relay-based antenna misalignment approach 
was presented. The performance of this approach was quantified in terms of outage prob- 
ability. Our results revealed that, although the effect of antenna misalignment is detri- 
mental in SR THz systems, by employing a relative small number of relays, it can be 
significantly suppressed. 

In the second part of this chapter, the impact of blockage on the performance of 
THz wireless systems was discussed accompanied by a number of different mitigation 


THz System: Antenna Misalignment, Blockage 243 


approaches. In particular, we identified three blockage types, namely: (i) static, (ii) dynamic, 
and self-blockage. Moreover, different blockage models were reported and their suitability 
to accommodating the particularities of each blockage type was identified. Moreover, the 
use of CoMP and reflected link methods in order to mitigate the impact of blockage was 
discussed. To quantify the efficiency of these methods, we used the blocking probability. 
Our results revealed that in general CoMP outperforms relaying/RIS-assisted systems in 
terms of blockage mitigation efficiency. However, both CoMP and relaying/RIS-assisted 
systems require the investigation and development of channel estimation and predictions 
techniques. 

Other possible future directions may include, the investigation of the robustness of 
different types of beamforming approaches in beam misalignment and tracking, as well 
as the quantification of the joint impact of hardware imperfections, beam misalignment, 
and blockage. In more detail, it would be interesting to study the joint impact of beam 
misalignment and blocking in wireless communications systems in which the one of the 
following types of beamforming are employed: (i) analog baseband beamforming with 
amplitude and phase shifters, (ii) analog RF beamforming, (iii) analog intermediate fre- 
quency beamforming, and (iv) digital baseband beamforming, in the presence of different 
types of hardware imperfections. Finally, adaptive beamforming schemes need to be 
designed in order to improve the system robustness to beam misalignment and blockage. 


Notes 


1 Note that ep and €y are channel estimation errors and their distribution depends on the type of 
beam steering estimator that is used. A commonly acceptable distribution that is used for this 
type of errors is the Gaussian one. 

2 The Strouhal number is a body-shape-specific constant. According to (Yam, Leung, Li, and Xue, 
1997), for a pole of circular cross-section S = 2. 
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9.1 Introduction 


Terahertz (THz) communication has been widely acknowledged as an avant-garde tech- 
nology in the next generation wireless networks, due to its ultra-large usable bandwidth 
and huge potential to support ultra-high-data-rate transmissions (Akyildiz et al. 2014). 
However, severe path loss of THz waves affects the propagation intensely, which restricts 
the transmission distance within tens of meters. Despite such path loss, the extremely 
short wavelength at the THz band has a superiority, that is, large-scale or even massive 
antennas can be made into small size at THz devices. Thus, regular and massive MIMO 
techniques can be utilized to enable the high beamsteering gain and combat the severe 
path loss. Notably, one of the most important challenges to realize massive MIMO in THz 
wireless communication systems is to deal with hardware limitations on THz devices. If 
not carefully designed, the transmission strategies and signal processing algorithms for 
THz systems may incur large power consumption and high complexity. Undoubtedly, this 
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will hinder the effectiveness of using THz communications in the next generation wireless 
networks. 

Against this background, novel low-complexity architectures are mandated to facili- 
tate the deployment of regular and massive MIMO in THz communications. In this 
chapter, we introduce hybrid beamforming architectures in THz wireless systems, where 
the number of radiofrequency (RF) chains at the transmitter can be much less than that 
of transmit antennas. Notably, compared to the conventional fully digital beamforming, 
hybrid beamforming reduces hardware complexity significantly by decreasing the number 
of RF chains, thus being of great practicality for implementation. 

Hybrid beamforming was first developed for achieving multiplexing and diversity trade- 
off in conventional MIMO systems (Zhang et al. 2005). Due to its low hardware com- 
plexity and high spectrum efficiency, hybrid beamforming has recently been investigated 
in millimeter wave (mmWave) (Heaths et al. 2016) and THz communication systems. For 
example, considering the sparsity of mm Wave channels, the hybrid beamforming problem 
was formalized as a sparse approximation problem, where an orthogonal matching pur- 
suit (OMP)-based solution was proposed (Ayach et al. 2014). The findings showed that 
mmWave hybrid beamforming systems are promising to approach their unconstrained 
performance limits, even with strict hardware constraints at transceivers (Ayach et al. 
2014). In indoor THz systems, two typical hybrid beamforming architectures, that is, the 
array-of-subarray architecture and the fully connected architecture, were investigated 
(Lin and Li 2016a). Specifically, it was shown that the energy efficiency of the array- 
of-subarray architecture is higher than that of the fully connected architecture (Lin 
and Li 2016a). Furthermore, to explore the unique frequency-distance-dependent 
characteristics of THz channels, an adaptive distance-aware scheme with antenna selec- 
tion and power allocation strategy were proposed, which achieved significant gains over 
conventional schemes (Lin and Li 2015a). Despite the importance, these studies barely 
considered the THz frequency selective fading. THz communication is very promising to 
be operated over tens-of-GHz bandwidth. Hence, developing novel frequency selective 
hybrid beamforming transmission schemes is an urgent research work for practical THz 
wireless communications. 

This chapter provides an overview of hybrid beamforming techniques in wireless THz 
communication systems. The fundamental knowledge of hybrid beamforming in wireless 
THz systems and its ergodic capacity analysis are presented in Section 9.2. Next, Section 
9.3 describes the concept of frequency selective hybrid beamforming over the ultra- 
wide THz band. Specifically, a statistical eigen-based hybrid beamforming design with 
digital compensation beamformer is presented to approach the fully digital beamforming 
design. Furthermore, the multiuser wideband hybrid beamforming and distance-aware 
multi-carrier (DAMC) modulation are discussed. The summary of this chapter is finally 
presented in Section 9.4. 


9.2 Basics and Ergodic Capacity Analysis of Hybrid Beamforming 
in THz Wireless Systems 


Complex THz devices impose strict hardware constraints on THz wireless systems such 
that conventional transceiver architectures, for example, the fully digital processing at the 
baseband, are no longer practical. Hence, it is imperative to develop a novel low-complexity 
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THz transmission architecture which exploits the capabilities of THz transceivers and 
antennas as well as the peculiarities of THz channels. 

In this section, we introduce the basic hybrid beamforming architecture in THz wireless 
systems and evaluate its performance. Particularly, a close-form upper bound on the cap- 
acity of using hybrid beamforming in the system is provided. 


9.2.1 System Model 


We consider a THz wireless system, where a multi-antenna base station (BS) communicates 
to a multi-antenna user equipment (UE) in the THz band. The BS adopts the hybrid 
beamforming architecture which drives massive antennas via only a few numbers of 
RF chains. This subsection presents some important descriptions of our considered 
system model, including the block diagram of the transmitter architecture and the THz 
channel model. 


9.2.1.1 Hybrid Beamforming Architecture 


A block diagram of the narrow-band hybrid beamforming architecture is depicted in 
Figure 9.1. The BS equipped with Ng; antennas and Ney RF chains transmits to the UE via 
N, data streams, such that N, < Ngr < Nas The transmit signal vector s is first precoded 
by the Ng; x N, digital baseband beamforming F,,. Then, the precoded digital vector is 
transformed into the analog vector before applying the Nys x Npr analog RF beamforming 
Fay. Here, high-resolution digital-to-analog converters (DACs) are assumed and the quant- 
ization error is ignored. Hence, the discrete-time transmit signal at the BS is expressed as 


x = For F pp, (9.1) 


Baseband 
Processing 


Digital Analog 


Figure 9.1 Narrow-band hybrid beamforming architecture. 
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where s is an N, x 1 signal vector transmitted to the UE. Here, s is normalized such that the 
transmit power constraint which is given by E[ss" ]= 1, , where (:)" denotes the Hermitian 
transpose and E|-| denotes the mathematical expectation. 

In hybrid beamforming architecture, the analog RF beamforming Fg, is implemented 
by employing some analog components such as THz phase shifters, switching networks, 
and lens antennas. In this case, a constant-modulus constraint is imposed on all entries 
of the RF beamforming matrix, such that [Fay], = e/*, where @,, is a beam-steering angle 
implemented by phase shifters and [-],; denotes the entry in the ith row and the jth column. 

At the UE, the hybrid architecture with Ny, antennas and a single RF chain is considered. 
The received signal is given by 


Vu =w'H,x+n,, (9.2) 


where w is the combiner at the UE, H, is an Nyg X Ngs matrix that denotes the THz 
channel, and n, represents the additive Gaussian white noise (AWGN). 


9.2.1.2 THz Channel Model 


The geometric channel model associates clustering and stochastic angles of departure 
(AoD) and angles of arrival (AoA) to each path. Based on THz-band measurement results, 
a modified geometric model to reflect the stochastic characteristics of THz channels was 
established (Priebe and Kurner 2013), which is described as follows: 

In the THz channel model, arrival paths consist of several clusters, each of which is 
composed of several paths caused by reflection. Therefore, the channel response matrix 
for one antenna array is given by 


u y 


Nau L 
H, = È 2 a,G.G,a, (0, at (4:1), (9.3) 


i 
ra 
i=1 /=1 


where Nau denotes the number of clusters, La denotes the number of paths in the ith 
cluster, œ; are path gains of each ray, G, and G, are the antenna gains. Moreover, we 
denote a, (-) and a, (-) as the array response vectors, where 8, and ¢,, denote the AoD and 
AoA of the /th path in the ith cluster, respectively. 

In the THz band, the molecular absorption drastically affects the signal transmission. 
The path loss mainly includes the spreading loss and the unique molecular absorption loss. 
Hence, the path gain of the line-of-sight (LOS) path is given by 


L a i -kas (f)d 
|a (f,d)| (3) gal, (9.4) 


where f is the center frequency, d is the communication distance, c is the speed of light, 
and k,n (f) denotes the molecular absorption coefficient, which depends on the molecular- 
level composition during the transmission medium (Jornet and Akyildiz 2011). At THz 
frequencies, the major source of the molecular absorption loss is water vapor, which also 
indicates that the THz signal transmission is highly dependent on the humidity. 
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Considering the severe reflection loss, only the second order reflection is modelled in 
the THz channel. The path loss of non-line-of-sight (NLOS) paths can be obtained with 
two Fresnel reflection coefficients (Han et al. 2014). Indeed, THz channel only has several 
NLOS paths and exhibits unique channel sparsity. We note that the path loss gap between 
the THz LOS path and NLOS paths is generally up to 15 dB. This gap is much larger 
than the LOS-NLOS gap in mmWave channels. Thus, THz transmission is absolutely 
LOS-dominant. In particular, THz channels are much easier to be blocked than mmWave 
channels. 


9.2.2 Analysis of Ergodic Capacity 


With the transmission signal model and the THz channel model described before, we next 
investigate the hybrid beamforming design and analyze its associated ergodic capacity. 

As aforementioned, the hybrid beamforming consists of digital baseband beamforming 
and analog RF beamforming. For the analog beamforming, the beam-steering vector, 
a,( ), is the optimal analog beamforming vector with a target AoA, gp. Similarly, at the 
transmitter side, the beam-steering vector, a,(@)), is the optimal analog beamforming 
vector with a target AoD, 8). In this case, the effective channel response at the baseband 
is presented as 


b, =a!” (Q) Ha, (9) “Yds a„G.GA (0,1) A (6.1), (9.5) 


where 
1 NET pe (sin(o}-sin( op) 
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Given the analog beamforming vector, the effective channel response, h, has a MISO struc- 
ture. This channel vector is expressed as 


Î = WH Boo = | buna | (9.8) 


Then, the optimal digital beamforming vector for the effective MISO channel is expressed 
as (Vu 2011) 
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he 
Fes = all (9.9) 


where ||- || denotes the norm of a vector. Hence, we assume the channel is flat in the band- 
width, B, the ergodic capacity, denoted by C(f,d), with the hybrid beamforming is given 
by (Lin and Li 2015b) 
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where P denotes the transmit power and N, denotes the AWGN power. 

The ergodic capacity of the indoor wireless THz system using narrow-band hybrid 
beamforming is upper bounded by (9.10). Based on the statistical characteristics of the 
THz channel, a close-form solution for C(f,d) is given by (Lin and Li 2015b): 


PNarNss Nu 
N 


0 


C(f,d)< Blog, {14 Brd), (9.11) 


where f is a frequency and distance dependent variable. Hence, the upper bound on the 
ergodic capacity is jointly determined by the communication frequency and distance, the 
number of antennas, and the number of RF chains. 


9.2.3 Numerical Results 


We next investigated a practically important question: “How large is the capacity gap 
between the novel hybrid beamforming architecture and the conventional fully digital 
beamforming architecture?” To this end, we provide a numerical example in Figure 9.2 
where a 64-antenna BS transmits with a 16-antenna UE. In this figure, we plot the achiev- 
able spectral efficiencies of schemes against the transmit SNR for comparison: (1) fully 
digital beamforming scheme with 64 RF chains, (2) hybrid beamforming with 3 RF chains, 
and (3) hybrid beamforming with only 1 RF chain. We observe from this figure that the 
spectral efficiency of the hybrid beamforming approaches that of the fully digital 
beamforming when the number of RF chains is very large. Moreover, the hybrid 


Hybrid Beamforming 255 


25 T T T 
—7— Fully digital beamforming with 64 RF chains 
—— Hybrid beamforming with 3 RF chains 

20- E -© - Hybrid beamforming with 1 RF chain 


= 
n 
T 


Spectral Efficiency (bps/ Hz) 


10- o? 
y” 
ye 
5 sul 
0! 1 i 
-10 -5 0 5 10 15 20 


Transmit SNR (dB) 


Figure 9.2 Spectral efficiencies versus transmit SNR with Ng, = 64 and Nue =16.The transmission distance 
is | m.The transmission frequency is 0.3 THz. 


beamforming with only 1 RF chain achieves almost half spectral efficiency of the fully 
digital beamforming. This numerical result demonstrates the crucial superiority of the 
hybrid beamforming architecture for practical implementation, since the hybrid 
beamforming brings about much lower hardware and computational complexity. 

In Figure 9.3, we show the spectral efficiencies of the fully digital and hybrid 
beamforming schemes with 3 RF chains versus the transmission distance. Here, we con- 
sider two cases: (1) the BS is equipped with 144 antennas and (2) the BS is equipped with 
64 antennas. We first observe that, as the transmission distance increases, the achievable 
spectral efficiencies rapidly decrease, which is caused by the severe spread loss in the THz 
band. We also observe that when the number of antennas at the BS increases, the per- 
formance of the hybrid beamforming improves. Specifically, the hybrid beamforming with 
three RF chains and 144 antennas achieves almost the same spectral efficiencies as the 
fully digital scheme with 64 RF chains and 64 antennas. This observation indicates that 
the THz system performance can be boosted by increasing the number of antennas rather 
than RF chains. The finding is of particular importance for green communications as the 
utilization of RF chains occurs high power consumption. 


9.3 Frequency Selective Hybrid Beamforming in Wideband 
THz Wireless Systems 


The ultra-wide-band THz channel experiences unique frequency selective fading. Actually, 
the width of THz sub-band, approximately 200 GHz (Lin and Li 2016b), is much larger 
than the channel coherence bandwidth (Han et al. 2015). Hence, hybrid beamforming 
scheme considering frequency selective fading is of great significance for wideband THz 
wireless systems. In this section, the concept of frequency selective hybrid beamforming 
and corresponding design guidelines are presented. 
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Figure 9.3 Spectral efficiencies versus the transmission distance with Nye = 16. The transmit SNR is 10dB. 
The transmission frequency is 0.3 THz. 


9.3.1 Statistical Eigen Scheme with Digital Compensation Beamforming 


We consider a frequency selective hybrid beamforming architecture for a THz system. In 
this system, the analog beamforming operated in RF chains is frequency-flat, while the 
digital beamforming is variable for different carriers. The block diagram of the frequency 
selective hybrid beamforming architecture is depicted in Figure 9.4. 

In the frequency selective hybrid beamforming, the BS transmits signal on mul- 
tiple carriers. The transmit data is assumed to be modulated across K carriers. At 
the transmitter, an N, x1 vector s[k] is the data transmitted at the kth carrier, where 
ke {1,2,...,K}. We note that s[k] is limited by the normalized transmit power, which is 
given by E| s[k]s” [k]] = Ix, 

At the baseband of the BS, s[k] is first precoded by an Npr x N, digital baseband 
beamforming matrix Fpp [k] in each carrier. The precoded signal is then transformed to 
the time domain through K-point inverse fast Fourier transform (IFFT). After this, the 
signal is transformed by high-resolution DACs, before applying the Nas x Ng; analog RF 
beamforming Fer. Here, the common analog beamforming needs to serve all carriers. 
Hence, the transmit data vector on the kth carrier is presented as 


x[k] = FFs [k]s[k]. (9.12) 


We also impose a power constraint on Fpp [k] such that |Frr Fs [All = P, where ||, denotes 
the Frobenius norm. 

We clarify that the design of an appropriate frequency selective hybrid beamforming 
scheme is challenging, due to the following factors: 
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Figure 9.4 Frequency selective hybrid beamforming architecture. 


1. The coupling effect between the analog beamforming matrix and digital beamforming 
matrices, that is, | Fa: Fes [k lk. =P. 

2. The non-convex constraints on the entries of analog beamforming matrix (Gao et al. 
2018), that is, [Fg]; = e*. 

3. The consistency of analog beamforming for all carriers, which is a unique character- 
istic of the multi-carrier hybrid beamforming (Alkhateeb and Heath 2016). 


Against this background, we address all the three factors and provide a statistical eigen 
scheme with digital compensation beamforming, aiming to approach the fully digital 
beamforming design. We propose a two-step design as follows (Yuan et al. 2018a): 


1. We design the analog RF beamforming, Fay, to maximize the received power under 
the hardware constraints, where the statistical eigenvalue decomposition (EVD) of 
channel covariance matrices across all subcarriers is used. 

2. We develop the digital baseband beamforming, Fes [k], to compensate for the per- 
formance loss associated with the RF beamforming, which is resulting from the hard- 
ware constraint and the multi-carrier channel difference. 


9.3.1.1 Analog Beamforming Design 


In conventional hybrid beamforming, the optimal analog beamforming matrix consists of 
eigenvectors of H” [k] H[k]. In the presence of frequency selective fading, different carriers 
have different channel coefficients, which leads to different optimal analog beamforming 
and makes the design very challenging. However, we note that the channels across 
carriers are highly correlated in THz hybrid beamforming. Specifically, antenna array 
response vectors, a, (@) and a, (6), are the same across all carriers. Also, the eigenvectors of 
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H” |k]H|k] are approximately the same as a, (0) in massive antenna scenarios (Sohrabi 
and Yu 2017). Hence the dominant statistical eigenvectors of H” [k] H [k] for all carriers 
are approximately the same. 

In this work, we propose to design the analog beamformer by a statistical EVD scheme 
where channel covariance matrices on all carriers are incorporated together. Specifically, 

A Ka . PE ; 
the dominant statistical eigenvectors of Dal "[k]H|k] are adopted as the optimal 
k=l 

analog beamforming vectors. We then give an analysis in asymptotic performance of the 
statistical eigen-based scheme compared to the conventional fully digital scheme, which is 
presented in Theorem 1 (Yuan et al. 2020). 


Theorem 1. For wideband highly correlated channels, if they are low-rank, that is, the 
1 K 

rank of qo [k|H[k] is smaller than or equal to Npr, the statistical eigen hybrid 
k=l 


beamforming scheme has almost the same ergodic capacity as that of the unconstrained 
digital scheme when the constant-modulus constraint is not considered. 


ie ; 
Proof: Let the rank of go [k] H[k], be Ny, such that Ny < Ney. The eigenvectors 
= 
14 | A z 
of gaH" [k] H[k] corresponding to non-zero eigenvalues are expressed as U. Hence, 
k=l 


K K 
=H" [k] H[k] is expressed as UAU". Here, the rank of =H" [k] H[k] is not full. 
k=l k=1 


In the frequency selective hybrid beamforming scheme, the analog beamforming matrix 
ignoring the constant-modulus constraint and other hardware constraints is given by 
Rgs [o 0] where only N, vectors are effective. Thus, the channel covariance matrix is 
presented by 


ie = LY (H[k] Fe)" HUE] Fe 


(9.13) 


= A 0 e CNrrXNrr | 
0 0 


The ergodic capacity for the frequency selective hybrid beamforming scheme is presented by 


Ce = | Boe [is 7 {i} 
0 
= Blog, £ + L s[{A}}} 


0 


(9.14) 


where tr{Z} denotes the trace of the matrix. 
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In the fully digital scheme, the eigenvectors of H” [k] H [k] on each carrier corresponding 
to non-zero eigenvalues are denoted by U[k]. We assume that Fy, [k] = [O[A]V [a] ] is 


a unitary matrix, where V[k] is the null space of U[k] such that U"[k]V[k]=0 and 
Vi [k] V [k] = Iy,,-n,,- The channel covariance matrix is presented by 


Ki (9.15) 


1S /A OD com 
0 0 
For wideband THz channels, we note that a,(@) is approximately the same for all 
carriers. The channel matrices are highly correlated. Correspondingly, the eigenvalues of 
H” [k] H[k], demoted by A[k], are also approximately the same for all carriers. 
Thus, we obtain 


=0. (9.16) 


The ergodic capacity of the fully digital beamforming scheme is given by 


: E P a 
CE» = | Bog (1+ 23)) 
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Since (9.14) is identical to (9.17), the proof is completed. 
K 
The condition of the rank of =H" [k]H[k] being smaller than or equal to the 
kal 


number of RF chains is justifiable in THz systems. Indeed, THz channels contain only a 
few numbers of NLOS rays and are particular low-rank channels. We emphasize that the 
RF beamforming cannot be the optimal one, as its amplitude is limited to be constant. 
Thus, we develop a greedy method that the RF beamforming has the same direction with 
the optimal beamforming vector, which is given by 


cite EH wm) | 


(forn), =e > (9.18) 
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where i e {1,2,..., Nps and eig, (Z) denotes the eigenvector of the matrix associated with 
the nth largest eigenvalue. 


9.3.1.2 Digital Beamforming Design 


The performance of only analog RF beamforming cannot approach the fully digital 
beamforming because of the strict hardware constraints. This motivates us to propose a 
digital beamforming at the baseband to compensate the performance loss. We design the 
compensation digital beamforming matrix utilizing the Corollary 2 in (Alkhateeb and 
Heath 2016). This digital beamforming at the baseband is designed jointly with the RF 
beamforming to approach fully digital beamforming, which is presented as 


Fis [k] = (BiFa)? [V [A] iNe > (9.19) 


where V[k] comes from the singular value decomposition (SVD) of the matrix, 
H[k] Fer (FER) 2 = U[k]E [k] V [k]. 

To evaluate the performance of the statistical eigen hybrid beamforming scheme with 
digital compensation beamforming, we provide a numerical example in Figure 9.5. In this 
figure, we plot the spectral efficiencies versus the transmit power at the BS, P. We consider 
three benchmark schemes: (1) unconstrained fully digital beamforming, (2) unconstrained 
hybrid beamforming where the constant modulus constraint is not considered, and 
(3) constrained analog beamforming without digital compensation beamforming. In this 
figure, we consider the operating frequency from 350 to 450 GHz and the bandwidth B = 5 
GHz. Thus, the number of carriers is 20. The THz channels are composed of a LOS path 
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Figure 9.5 Spectral efficiencies against the transmit power with Nas = 128, Nkr = 4, and Nue = 16.The trans- 
mission distance is 5 m. 
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and three NLOS paths. The AWGN power is 03 = —75dBm. From this figure, we first 
observe that the statistical eigen-based hybrid beamforming scheme, especially the hybrid 
beamforming scheme ignoring the constant-modulus constraint, has almost the same per- 
formance as that of the fully digital scheme, which shows the accuracy of Theorem 1. Also, 
the constrained statistical eigen-based hybrid beamforming scheme outperforms the 
constrained analog only beamforming scheme. The performance gap is resulting from the 
additional digital beamforming and demonstrates the effectiveness of Fy, [k] in (9.19). We 
note that Fy, [k] is low-dimensional, but Fa; F;;[k] can sufficiently approach the optimal 
unconstrained digital beamforming, thanks to the unique sparse property of THz channels. 


9.3.2 Multiuser Hybrid Beamforming 


In this subsection, we consider the hybrid beamforming for a multi-carrier multiuser 
MISO system where the BS with Nys antennas and Ng; RF chains communicates with U 
noncooperative single-antenna users. The hybrid beamforming design problem in multi- 
user systems differs from that in single-user systems in two respects: 


1. The UEs in multiuser systems are not cooperative, which causes a multiuser interfer- 
ence term in the signal-to-interference-plus-noise ratio (SINR) formulation. 

2. It is very challenging to design a common RF beamforming, which needs to serve all 
users even channels among users are different. 


These two differences make the hybrid beamforming design in multiuser systems much 
more complicated compared to that in single-user systems. To tackle this problem, we pre- 
sent the following transmission scheme: 


1. The same group of UEs are scheduled to be served at the entire band for each time 
slot (Kong et al. 2015). 

2. The analog beamforming and the digital compensation beamforming are jointly 
designed first, assuming that all UEs are cooperative. This indicates that the common 
analog beamforming and the digital compensation beamforming are designed to 
increase the receive power of the all UEs when the multiuser interference is ignored. 

3. An additional digital beamforming matrix at the baseband is designed to eliminate the 
multiuser interference. 


We emphasize that it has been shown that the performance of multiuser hybrid beamforming 
can be close to that of the fully digital beamforming only for the case where the same 
group of users are scheduled at the entire band (Kong et al. 2015). This is because in this 
case, the channels over all carriers can be guaranteed to be highly correlated (Sohrabi and 
Yu 2017). Otherwise, it is impossible to design a common analog beamforming suitable 
for all carriers and all UEs. 

Ignoring the multiuser interference, we incorporate the optimal beamforming for all 
carriers together to derive the optimal common analog beamforming. Following the 
similar procedure in Ayach et al. (2014), the hybrid beamforming design problem is 
approximately rewritten as 


{ Fer, Fy, } = argmin || F — For Fille (9.20) 
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where E, = LE “pt [1]: Bo: [K] | € C~% includes all the optimal beamforming matrices 
across subcarriers. In addition to Es Fy, = | Fos: [1]; + Fos: [K]] e CX**" includes all the 
digital compensation beamforming matrices. 

We present an alternating minimization (AM)-based hybrid beamforming algorithm in 
Algorithm 1 (Yuan et al. 2018b). The main idea is to solve two individual optimization 
problems iteratively. First, we fix Fer and optimize F,, to minimize the gap between two 
matrices, E, and Fy;-F,,- The solution to this problem is given by 


R, = V,U#, (9.21) 


where U, =[U,] ,,, is from the SVD of Fi. Far = UZ, VE and |U, a is the oth column of 


: IN; 
U. Second, we fix F, and optimize the analog beamforming by 


Far = si Ehi: (9.22) 
Considering the constant modulus constraint, each element of Fa; should be normalized 
by Fer = Fir @|Fre|, where Fer Ø|Fkr| denotes that the elements of Fy: are normalized 
individually. 


Algorithm 1. AM-based hybrid beamforming 


1. Input: The optimal digital beamforming matrices F,» [k],k = 1,...,K 

2. Initialization: Fee = E, [1] |E,» [1] 

3. For each iteration do 
Compute the SVD of Ef Fer = U,2,Vi", where E: = LE [1],... E [K]]. 
Update F,, = V U¥, where U, = [Oi ax. 

Update Fy; = F,,, Fi! OFER. 


opt opt 

4. End for 
5. While k = 1,...,Kdo 

Calculate the SVD of H [|k] Fer (FER) 2 = U[k]E[k]V [k]. 

Let Fy: [k] = (Fë Fer )2 [V (ier 

Normalize Fpp: [k]. 

Compute He[k] = H [|k] Far-Fyp: [k]. 

Design Fr» [k] = (Helk]” He LI) He[k}". 


Normalize Fy, [k]. 
Let Fes [k] = Fo: [k] Foro [k]. 
6. End while 


7. Output: Fy; and Fy [k], k = 1,---, K. 


Combined with the aforementioned digital compensation beamformer, the obtained 
hybrid beamformer, Fy;Fyp,[k], can be considered sufficiently close to the optimal 
beamforming F,,, [k] for the kth subcarrier. 

Moreover, the multiuser interference will degrade the system performance. Hence, an 


additional baseband beamforming Fy, [k], apart from Fy, [k], is designed to eliminate the 
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Figure 9.6 Spectral efficiencies versus the transmit power at the BS with Nas = 64, Nar = 4, and Nue = 16. 
The transmission distance is 5 m. The BS serves 4 single-RF-chain users. 


multiuser interference. We use adopt the conventional zero-forcing method to design 
Forz [k] for the sake of low complexity. Specifically, the BS calculates the effective channel 
He|k] = H[R]| FarFyp: [k] and designs its zero-forcing digital beamforming as 


Fana [k] = (Helk}!" He[k]) | Hell“. (9.23) 


The complete baseband beamforming matrix is then given by Fes [k] = Fon: [k] Fon: [k]. 

In Figure 9.6, we plot the spectral efficiencies of the AM-based hybrid beamforming 
against the transmit power at the BS, P, in the multi-carrier multiuser scenario, where the 
operating frequency, bandwidth of each carrier, the THz channels, and the AWGN power 
are the same as those considered in Figure 9.5. In this figure, we consider three cases. In the 
first case, the multiuser interference is regarded as noise. In the second case, the multiuser 
interference is neglected. In the third case, the proposed method is used to mitigate the 
multiuser interference. We can observe from this figure, the performance of the AM-based 
hybrid beamforming approaches that of the unconstrained fully digital beamforming. We 
also observe that the spectral efficiency achieved in the third case is significantly higher 
than that achieved in the first case, which clearly demonstrates the effectiveness of the 
proposed interference mitigation method. 


9.3.3 Distance-Aware Multi-Carrier Modulation 


In the THz band, the molecular absorption effect highly depends on the frequency, which 
results in many high attenuation peaks and defines multiple transmission windows (Jornet 
and Akyildiz 2011). Figure 9.7 plots the path loss of the LOS ray with different transmis- 
sion distances. We observe from Figure 9.7 that each transmission window has a 
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Figure 9.7 Path loss of the LOS ray against frequency with different transmission distances. 


changeable bandwidth, which is determined by the communication distance and fre- 
quency. The design of novel distance-aware transmission scheme is motivated by the 
unique distance-and-frequency-dependent characteristic in the THz band. 

The ultra-wide bandwidth in the THz band can be utilized adaptively in the DAMC 
modulation (Han and Akyildiz 2014). As the communication distance increases, the path 
gain will decrease significantly, which will reduce the signal power at the receiver and 
usable bandwidth. In the THz band, the side of transmission window has much more 
severe path loss than the central part and can only be used for short-distance transmissions. 
For the sake of fairness, the central frequency is first used for spectrum allocation to long- 
distance UEs in DAMC modulation. Then, short-distance UEs are served using the sides 
of the transmission window, which has no interference on long-distance communications. 
Hence, different parts of the THz transmission window are occupied by UEs with different 
distances. 

Before the transmission, a subset of antennas is activated and performs a fast pre- 
scanning at an angular interval. These UEs located at the same sector are allocated to the 
same group. Thus, those UEs in different groups are very likely to be divided in space, 
as they have completely different AoDs for the LOS rays. In this case, the beamsteering 
vectors are nearly orthogonal for massive MIMO systems (Lin and Li 2015a). Hence, 
under the beam division, the same THz frequency resources are shared among different 
user groups, and UEs with similar AoD LOS rays in the same group are served by the same 
beam and differentiated by the DAMC modulation. 

We consider the transmission band ranging from 550 GHz to 1 THz and the carrier 
bandwidth being 5 GHz. The adaptive spectrum allocation scheme for different-distance 
UEs is listed in Table 9.1 (Lin and Li 2016b). According to the principle of the DAMC 
modulation, long-distance (5-10 m) UEs are allocated to the central band, while short- 
distance (within 1m) UEs are allocated to the sides. 
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Table 9.1 Adaptive spectrum allocation for different-distance UEs 


Distance (m) Allocated sub-bands (THz) 

0-1 0.55-0.575, 0.725-0.775, 0.95—| 

1-5 0.575—0.6, 0.7—0.725, 0.775-0.8, 0.9-0.95 
5-10 0.6-0.7, 0.8-0.9 


Based on the above-mentioned distance-aware spectrum allocation scheme, THz fre- 
quency resource is multiplexed among multiple user groups, which can greatly increase 
the spectrum efficiency. In addition, each RF chain is shared by multiple UEs who are 
located at the same group, thereby reducing complexity and realizing large-scale 
connections. After the distance-aware spectrum allocation, the BS can perform accurate 
analog beamforming searches to enhance the system performance. 


9.4 Summary 


A key technology of wireless THz communications, namely, hybrid beamforming, has been 
investigated in this chapter. Performance analysis has shown that the ergodic capacity of 
using hybrid beamforming in wireless THz systems exhibits an upper bound, which is 
jointly determined by the communication frequency and distance, the number of antennas, 
and the number of RF chains. Moreover, the frequency selective hybrid beamforming 
has been studied, as THz communications is very promising to operate over ultra-wide- 
band channels. This study has shown that the statistical eigen-based hybrid beamforming 
scheme with digital compensation beamformer has great potential to approach the per- 
formance of high-complexity fully digital beamforming scheme. In multiuser scenarios, 
apart from the consideration of multiuser interference, the transmission strategy that the 
same group of UEs are scheduled at the entire band has been discussed. Furthermore, 
it has shown that the unique distance-frequency-dependent transmission bandwidth of 
the THz band provides an opportunity for enabling DAMC-based spatial multiplexing. 
Overall, this chapter has investigated the superiority of hybrid beamforming in wireless 
THz systems, especially considering its low complexity and high spectrum efficiency, 
which mainly benefits from the unique sparsity of THz channels. 
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10.1 Introduction 


Wireless THz technology is expected to be a key spectrum in the near future that can meet 
the high bandwidth demand and data rates of Sth Generation (5G). THz wireless band 
communication suffers from severe path loss and transmission attenuation in transceivers, 
which lead to distance constraints [1]. Ultra-massive multiple-input multiple-output 
(UM-MIMO) technology promises to achieve distance enhancement for THz band 
channel [2]. UM-MIMO integrates a large number of graphene-based plasma nano-scale 
arrays into very small space where these arrays create an effective beamforming (BF). BF 
enhances THz channel capacity. However, the BF is sometimes inappropriate for spatial 
multiplexing MIMO [2,3]. The performance of UM-MIMO in THz bands depends on 
the design of nano-antenna arrays and capabilities of plasmonic elements. The individual 
plasmonic nano-antennas suffer from mutual coupling effects between arrays, other 
impacts such as spreading, molecular absorption, reflection and scattering, which need to 
be taken into UM-MIMO design considerations [3]. 

Given the incredible demand of THz communications applications, i.e., 5G 
communications, biomedical, ultra-dense indoor networks, and nano communication, it 
is important to understand THz signal propagation challenges in the considerations of 
system design. In this chapter, we present the emerging UM-MIMO technology in THz 
band with a particular focus on the THz communications. The fundamentals of UM- 
MIMO nano-antenna array and its fabrication issues using plasmonic antenna based on 
graphene material are discussed. THz UM-MIMO band has been considered for dense and 
nano communications as it is characterized with ultra-high data rates and ultra-bandwidth, 
which may lead to extreme nano device communications. UM-MIMO in THz band 
provides different opportunities for 5G applications and beyond. The chapter provides 
an extensive literature about UM-MIMO communication systems with configurations 
related to THz signal processing in addition to the challenges in plasmonic antenna fabri- 
cation, channel modelling, and network design. The chapter also gives an example of the 
use of UM-MIMO in THz communication applications. 

The chapter is arranged as follows. In Section 10.2, a brief review of MIMO in THz 
band and related works is presented. A background description of ultra-massive MIMO 
communications for dynamic and multiband environments is discussed in Section 10.3. 
The concept of using UM-MIMO in THz band is reviewed in Section 10.4. In Section 
10.5, the plasmonic nano-antenna array structure is presented with different scenarios 
related to MIMO antenna characteristics. In Section 10.6, UM-MIMO signal processing 
of beamforming, modulation and multicarrier configurations are presented. Section 10.7 
provides different challenges and problematic issues for the UM-MIMO system imple- 
mentation. An extensive review about THz Ultra-Massive MIMO array of sub-Arrays 
design is discussed in Section 10.8. A general review for THz UM-MIMO applications is 
presented in Section 10.9. Finally, a conclusion and summary for the chapter is given in 
Section 10.10. 


10.2 MIMO Gigahertz to Terahertz Era 


Sub-microwaves and millimeter waves were considered as operating in a gigahertz fre- 
quency for a radio system that can support a point-to-point fixed digital links and 
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operate in a duplex mode where each radio channel consists of a pair of frequen- 
cies for both transmit and receive directions. The bandwidth of GHz is quite sym- 
metric and wide, which can be determined by link capacity and modulation scheme 
[4]. The widespread use of various proximity electronic devices ranging from laptops, 
mobile phones, and tablets, has dramatically increased connectivity across the world, 
and results in an extensive media sharing, that is, videos, music, and social networks. 
This requires a massive increase in data rate between devices over a large bandwidth 
capacity. Gigahertz has been an exciting development in modern technology and one 
of the most important cofactors of the rapidly expanding information age [5]. In giga- 
hertz communications, the use of massive MIMO technology enables the deployment 
of base stations (BSs) and access points with a large number of antennas to increase the 
5G network capacity. 

Recently, most applications need ultra-high data rates due to big data exchanges, which 
requires tens of tera bit/seconds communication rate as well as lower energy consump- 
tion. The terahertz waves would provide higher capacity performance and ultra-high data 
rates because of higher spectrum availability in THz band ranging between 30 GHz and 
3 THz. The communications devices operating in the low frequency of millimeter wave 
band would give low performance and be degraded due to their cut-off frequencies, even 
with the use of complementary metal-oxide-semiconductor (CMOS) technologies in mm- 
wave circuits; it gives typical cut-off frequencies of 200 GHz [6]. In moving from giga- 
hertz to terahertz systems, investigations have been focused in the photonics domain up 
to 3 THz and more toward infrared bands. It is found that a significant proportion of the 
electromagnetic spectrum is unexplored starting from 50 GHz to 3 THz and is popularly 
known as the terahertz gap. The use of this range is highly suitable for communications 
data rate in indoor and outdoor environments, and even for providing high-definition 
(HD) video applications and gigabit wireless (Gi-Fi) networks [7]. In THz band, a large 
bandwidth is obtained but with a number of limitations related to propagation losses 
and power losses. The frequencies in this band allow for short-range communications. 
UM-MIMO depends on plasmonic nano-antenna arrays fabricated by graphene. The UM- 
MIMO technology allows grouping hundreds of antenna elements in very small distance 
measured by millimeters. These elements will provide an efficient beamforming to enhance 
the communications in THz band. 


10.2.1 Related Works 


Since THz band UM-MIMO is fairly new technology, relatively few studies exist that 
cover experimental aspects of the coverage and propagation properties for channel model- 
ling, characterization and beamforming system design. The following are the most related 
researches conducted in THz UM-MIMO systems. Rodrigo et al. (2013) presented time 
division duplexing mode massive MIMO system where resource allocation and calibra- 
tion for data models are examined [42]. Moreover, the authors reviewed various massive 
MIMO challenges and future directions related to massive MIMO system applications 
Marco et al. (2014) introduced a comprehensive tutorial and survey for spatial modu- 
lation MIMO (SM-MIMO) using various aspects related to potential advantages and 
research challenges related to the SM—MIMO deployment [55]. Lu et al. (2014) presented 
theoretical study of massive MIMO in the THz range and the effects that appear when 
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non-orthogonal experimental sequences appear in neighboring cell systems in terms of 
energy and single-carrier spectral efficiency [58]. 

A research study focusing on evaluating the channel state information (CSI) at the 
receiver MIMO systems was presented by Dushyantha and Harald [85]. The study showed 
that the CSI improves the link capacity and energy efficiency of spatial modulation MIMO 
at the expense of computational cost. A capacity of open-loop MIMO is compared to 
sub-array antenna for every channel used. Various scenarios sub-array antennae were 
considered by activating and deactivating some elements of the array. 

Akyildiz and Josep (2016) presented an extensive literature for THz UM-MIMO 
communications [19]. They discussed the concept of using hundreds elements of plasmonic 
nano-antennas in small square centimeters in 0.06-1 THz frequencies. The study also 
presented the operation method for UM-MIMO communication while illustrating poten- 
tial challenges and possible solutions to them. Lin et al. (2016) presented the hardware 
constraints of an indoor multiuser array of sub-array antenna architecture and channel 
characteristics for both THz and mm-waves bands [65]. The study used array of sub-array 
structure for multi-carrier wideband THz communications with distance-aware approach. 
The proposed approach explained the possibility of reserving a part of allocated band- 
width for short-distance users in order to be used by long-distance users while maintaining 
as little path loss as possible. The idea is that the central part of the bandwidth can be 
used for long-distance communications, while the central part and sides are used for short- 
distance communications. 

Massive MIMO characterization with many parameters related to non-wide-sense sta- 
tionary channel is presented by Olabode et al. (2017). The study is focused on 3D plane 
channel characterization and measurement methodologies. The paper discussed the issues 
related to capacity enhancement in 5G networks using massive MIMO scale characteriza- 
tion (SSC) and beamforming for 2D and 3D channel models [12]. 

In the study presented by Shahar Stein et al. (2017), various data phases connected to 
massive MIMO communication is examined, taking the consideration of hybrid beam 
formers to minimize data estimation error [86]. In addition, an optimal fully digital pre- 
coder MIMO matrix to minimize the approximation gap is presented an evaluated. Several 
direction of arrival (DOA) and beamforming algorithms were extensively studied by 
Stepanets et al. (2017) [48]. The authors discussed a few scenarios of DOA-based adaptive 
beamforming with a massive MIMO antenna with 128 elements in 5G communications. 
The study achieved beamforming accuracy up to 4° resolution, which suppressed the inter- 
ference up to 340 dB. 

A study by Chong et al. (2018) is focused on intergradation of large number (1024 x 
1024) of nano-THz UM-MIMO antennas in nano meter footprints [23]. The study 
gave a detailed description of graphene-based plasmonic nano-antenna array proper- 
ties and its application for THz propagation in three dimensions. The performance of 
1024 x 1024 UM-MIMO channel with different measurements, that is, path gain, array 
factor, and capacity multi-terabit/second links in distance up to 20 meters are presented. 
Irfan et al. (2018) proposed hybrid beamforming digital and analog of massive MIMO 
transceivers for resource management of heterogeneous wireless networks (Het-NET). 
The authors provided a broad scope of discussion on the inclusion issues related to hybrid 
beamforming resource management. The study also reviewed the massive MIMO system 
context for hybrid transceiver architectures, digital and analogue beamforming arrays, and 
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potential heterogeneous network scenarios that rely on configuring hybrid beamforming 
and massive MIMO antenna system [87]. 

Alice Faisal et al. (2019) reviewed the research and development in recent of THz 
UM-MIMO channel modelling, channelization, and signal processing, where the system 
performance is examined for effective array dimensions [52]. Resource allocation enhance- 
ment at THz bands with respect to spatial modulation, multicarrier configuration, and 
waveform design is also discussed. Sherif et al. (2019) evaluated the performance of 5G 
network based on THz-enabled massive MIMO access point to serve pedestrian users 
equipment [11]. In the proposed study, the network is evaluated with three pre-coding 
schemes known as analogue-only beamsteering. The authors present a methodology to 
measure network performance depending on the energy efficiency and spectral carrier fre- 
quency, in addition to considerations of antenna gain and bandwidth. 

Hadi et al. (2019) proposed theoretical concepts for spatial modulation (SM) 
techniques, which depend on the arrays of sub-array nano-antenna configuration, in add- 
ition to presenting the evaluation of capacity and spectral efficiency performance [13]. 
The authors verified and validated that the spatial modulation in massive MIMO systems 
is feasible at THz with promising performance. Also, in Arkady et al. (2019), the authors 
evaluated massive MIMO energy and spectral efficiency for different channel models 
at 6 GHz and mm-waves [84]. The paper simulated hybrid beamforming with respect 
to power consumption and transceiver cost reduction for both multi- and single-carrier 
UM-MIMO system. Shuai et al. (2019) proposed mm-waves and THz band for ultra- 
broadband communications [31]. An introduction to intelligent plasmonic antenna array 
ultra-massive MIMO physical model-based mm-wave and THz band environments is 
presented. Moreover, the developed model was evaluated in different scenarios and per- 
formance improvements were achieved according to distance and data rate. 


10.3 Ultra-Massive MIMO Communications 


The demands of 5Gand beyond applications require large bandwidth with ultra-broadband 
frequency, which can be achieved by using THz band gap. The use of ultra-broadband fre- 
quencies can be affected by much impairment due to high propagation loss, in addition 
to transceiver distance-based power limitations in both millimeter waves (mm-wave) and 
THz-band. To overcome these limitations, ultra-massive MIMO platforms are preferred, 
which add value to increase the THz band data rates and communication distance [31]. 
The use of plasmonic antenna arrays both at the transmitting and receiving nodes enable 
operation in different THz communication modes. THz band UM-MIMO communication 
systems can be aided by creating massive controllable nano-antenna arrays. The main aim 
of utilizing UM-MIMO technique is to increase data rate and enhance the communica- 
tion distance, in addition to obtaining maximum achievable capacity. These aims can be 
achieved if the THz system has an ability to overcome the problems of molecular absorp- 
tion loss and spreading loss [32]. 


10.3.1 Dynamic UM-MIMO 


Dynamic UM-MIMO helps to adjust the phase and amplitude of plasmonic signals at each 
nano-antenna to provide many types of operation mode in UM-MIMO for both 
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Figure 10.1 Plasmonic nano-antenna sub-arrays interleaving. 


beamforming and spatial multiplexing [33]. The main feature of dynamic UM-MIMO is 
the ability to combine a number of nano antennas into one group, in addition to the ability 
to integrate a plasmonic signal source inside each nano antenna, as this method helps to 
increase the output power [34]. However, this would be different from conventional 
architectures, which allow distributing one signal among all AoSA architecture elements 
[35]. Theoretically, the plasmonic nano-antenna array would give ultra-high gain. In real- 
life applications, the spaces of the nano-antennas are much closer to each other, which 
reduce the beamforming performance. 

In a dynamic UM-MIMO, to support multiple wider beams with lower gain in 
different directions, it can be achieved by splitting the dense antenna arrays [36]. Those 
beams are used for spatial diversity and increased system capacity. Furthermore, the 
independent signal control of each nanoscale antenna in plasmonic nano transmitters 
provides a special way to aggregate array elements to increase the simultaneous beams 
[37]. Sub-arrays interleaving could be used instead of dividing the array in separate sub- 
arrays (see Figure 10.1). For interleaved sub-arrays, virtual sub-arrays consist of sep- 
arate sub-elements, which can be scaled up without affecting the physical components 
of the system. In a non-interleaved sub-array, it is possible to adjust the beam gain 
because each subset of sub-array contains fewer active elements, where the potential 
for beam formation appears. The sub-array elements interleaving enables to obtain 
beamforming gain due to the capability of increasing distance between elements to 
M2 [19]. 

The dynamic UM-MIMO beam gain can be defined as a beam number function for both 
separate and interleaved sub-arrays. The use of interleaved sub-arrays would contribute 
by way of more gain when compared to separate sub-arrays beam gain (see Figure 10.2). 
For example, in case of using plasmonic nano-antenna array with 1024 nano-antennas 
at 1 THz to create a single beam as an ultra-massive beamforming, each beam in nano- 
antenna can be used to transmit separately [19]. In separated sub-arrays, each beam gain 
may take the value of 15 dB, while in an interleaving sub-array, the gain may become 25 
dB per beam. 
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Figure 10.2 Gain per beam for separated and interleaved sub-array. 


10.3.2 Multi-Band UM-MIMO 


In THz communication, the utilization of THz channel enables to obtain up to tera bit/ 
s speed by using multiband UM-MIMO system. The multiband UM-MIMO has the cap- 
ability to operate simultaneously in various transmission windows to facilitate the use 
of plasmonic nano antenna arrays [38]. In multiband UM-MIMO, single nano-antenna 
would be divided virtually to work at different center frequencies, which can provide an 
effective narrow bandwidth at transmission windows. To simplify the design of nano- 
antenna and facilitate the dynamic control to the nano-antenna arrays, different frequen- 
cies can be used to interleave the sub-arrays. The frequency response of a single plasmonic 
nano antenna can be adjusted electronically [39]. The response of individual elements 
in the array can be modified dynamically and independently. Furthermore, to utilize 
multiband UM-MIMO, massive number of nano-array elements must have a space much 
shorter than wavelength of free space, which is required to create the convenient space at 
the desired frequency [40]. 


10.4 UM-MIMO in THz Band 


In 5G networks, a large bandwidth is essential to support high-speed communications 
[8]. UM-MIMO provides the possibility of not only increasing the data rate but also 
improving the reliability of communication systems. It is able to achieve communica- 
tion links with higher data rate. Ina MIMO system, multiple antennas are placed in the 
transceivers to create parallel communication channels that enhance the productivity and 
reliability of the system [9]. The THz band MIMO structure can be described as “NxN” 
LOS MIMO system and can be considered as a conventional low-frequency communi- 
cation system from 2 to 5 GHz. The LOS MIMO system in THz band communication 
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enables to design small compact antennas to obtain higher directional gain. Moreover, the 
use of large MIMO arrays mitigates link breakage caused by path obstacle [10]. Massive 
MIMO in THz system provides large array gains to reduce much high path loss and enable 
highly directional beams to overcome the impairments of inter-cell interference. Moreover, 
massive MIMO can offer a special multiplexing gain to boost system capacity and reduce 
the multiuser interference for outdoor 5G communications [11]. 


10.4.1 UM-MIMO Channel Condition 


The system performance of THz UM-MIMO depends on the exact channel conditions and 
channel state information accuracy. Efficient THz band utilization depends on the accuracy 
of UM-MIMO channel modelling and should take into account many factors such as 
propagation loss, molecular absorption loss, LOS and NLOS reflection, and scattering in 
addition to treating the static and time variant environments [12]. The signal propaga- 
tion in THz band is almost optical. Because of large reflection loss, THz channel would 
possibly lose energy. The frequency-dependent LOS path gain is based on two losses: the 
spreading and molecular absorption loss, which can be obtained as follows [13]: 


1 
LoS — Cc x ra) x e(-j22fx os) (10.1) 


where f represents the operation frequency, c is for the speed of light in free space, d denotes 
the distance between the source and destination based on sub-array (SAs) structure, and 
K(f) stands for the absorption coefficient. Tios denotes the LOS path gain time-of-arrival 
(ToA) given by d/c. The high reflection losses in NLOS scenarios make the THz channel 
dominate a few NLOS paths. The frequency-dependent NLOS path gain for reflected rays 
can be obtained as follows [13]: 


c (-Fx(rin+n) 


obs = xe 2 
Anf(r+n) 


x R(f) x ei Ta) (10.2) 


where R(f) represents the reflection coefficient. 7, denotes the distance between the trans- 
mitter and the reflector, and r, is for the distance between the reflector and the receiver. Tre 
is equal to the Tios+ (7;+72 — d)/c, which stands for the reflected ray arrival time. Equations 
(10.1) and (10.2) are based on the subarray (SAs) structure according to the dimension 
matrix of UM-MIMO in which LOS and NLOS path gains are calculated between the 
(m, n) transmit sub-array and (m, n,) receive sub-array. 


10.4.2 Graphene-Enabled Terahertz-Band 


The use of plasmonic nano-antenna in nano-antenna arrays design will support the sur- 
face plasmon polariton (SPP) wave’s propagation and minimize the traditional metallic 
antenna arrays. The surface plasmon polariton (SPP) waves will appear between the metal 
and dielectric that interact like electrical charge oscillations interface [20]. Many SPP 
waves can be generated at different frequencies depending on the plasmonic materials. 
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The graphene material can provide unique SPP propagations waves, which are very favor- 
able in developing plasmonic nano-antennas. SPP waves in free space have lower propa- 
gation speed than the EM waves [21]. The wavelength of SPP (App) is much smaller than 
the wavelength of vacuum (A). The ratio between these respective wavelengths is known 
as a confinement factor denoted by y = A/A,,,, which depends on the system frequency and 
plasmonic material. The confinement factor could be determined by solving the equation 
of SPP wave dispersion [22]. The calculation of dispersion the equation of SPP waves for 
graphene structures with almost static pattern can be given by the following equation [23]: 


€,+ e, coth(k,,.d 
1 T E2 CO (Aeon ) j2 =Ü (10.3) 


Rens We, 


where o, represents graphene’s conductivity. The equation condition is k,,, > @/ c, while 
c denotes speed of light. e, represents the dielectric relative permittivity that is placed in 
above the graphene layer, and e, denotes the dielectric relative permittivity that is placed 
between the two plates separated by a graphene layer distance d and the metallic ground 
plane. The complex wave vector k,,,, can be determined by solving Equation (10.2). A 


spp 
can be found by the real part of the wave vector Re{k 


ae las in following equation [23]: 


27 
Aspp = Refk,,} (10.4) 


While the imaginary part (m key }), defines the SPP decay or it is inversely proportional 
with propagation length L as shown in the equation, 


1 
D= 10.5 
21m {Roop } el 
The resonance length of a plasmonic antenna for different metallic of nano-antennas can 


7 . According to the resonance of plasmonic antenna and due to the 


be given by /, = 


resonance length for metallic of nano-antennas, UM-MIMO system can be designed as a 
group of plasmonic nano-antenna arrays and controlled by system beamforming mech- 
anism, which would be discussed in Section 10.7.1 [23,24]. Figure 10.3 describes a system 
design for an AoSA architecture based on the UM-MIMO system. In AoSA architecture, 
the analogue pre-coding array is a diagonal block array, which means that the analogue 
hybrid pre-coding is independent of each sub-array. In addition, the digital pre-coding 
array denoted by H is the THz channel array in which the row and column numbers cor- 
respond to the numbers of RF chains. 

In UM-MIMO antenna subarrays, each subarray is derived by a single RF-chain 
baseband as well as each subarray consists of very small-packet antenna elements. The 
antenna element is connected to a broadband phase shifter to implement digitally con- 
trolled graphene integrated gates. The beamforming gain in a single subarray helps to 
solve the very high path loss problem at THz frequencies. 
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Figure 10.3 AoSA architecture-based UM-MIMO. 


10.5 Plasmonic Nano-Antenna Array 


THz waves are sensitive to detection and their propagation depends on the efficiency 
of the antenna design. The use of plasmonic photoconductive electrodes would provide 
a good sensitivity for THz signals by enhancing the concentration of carriers near the 
antenna electrodes. Plasmonic detectors can efficiently enhance THz signal absorption in 
nano-antennas and can provide a good alignment of THz waves between two transmis- 
sion sides. The plasmonic electrode increases THz signal intensity, which would reduce the 
signal carrier transport path length [14]. Despite the aforementioned benefits of plasmonic 
photoconductive technology for THz waves, the detection bandwidth is limited due the 
terahertz detector constraints. The use of nano-antenna arrays enables to increase the 
interaction between optical pump and incident THz beams at the near end for the THz 
device operation. In addition, the polarization of optical pump beam must be normal to 
nano-antenna and THz beam polarization must be parallel to nano-antennas to obtain an 
optimal operation [15]. The operation of THz beam detection through plasmonic photo- 
conductive nano-antenna arrays is shown in Figure 10.4. 

The structure of plasmonic nano-antenna arrays consists of nano-antennas connected to 
bias lines. The gaps between the cathode and anode bias are shaded by a metal layer on 
top of Si;N,. AU array on top of Si,N, is used for shadowing the horizontal gaps between 
the nano-antennas [15]. By reducing the gaps between the nano-antenna sides, the induced 
THz electric field can be enhanced. On the other hand, the gaps must be greater than the 
effective wavelength of the photovoltaic pump to maintain a high absorption. In addition, 
the large length of nano-antennas would provide an increase in the induced THz fields 
between nano antenna sides, but it should be smaller than the THz wavelength to main- 
tain the operation of antenna broadband [14,15].The performance of generating and 
detecting pulses in THz systems depends on array antenna design and characterization of 
photoconductive sources and detectors, which they must be deployed with a large-area 
plasmonic nano-antenna arrays [16]. The use of plasmonic nano-antenna arrays can serve 
as broadband THz radiating elements to generate high power and broadband-pulsed THz 
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Plasmonic Nano-Antennas 


Figure 10.4 Photonic photoconductive nano-antenna array structure. 


radiation and this based on the capabilities of plasmonic nano cavities formed near the 
plasmonic Nano antenna arrays. 


10.5.1 Antenna Miniaturization 


Nanotechnology provides a new tool to design and manufacture miniature devices, cap- 
able of performing various tasks on the micro and nano scales. Graphene plasmons can 
be miniaturized and reconfigured in the THz platform. This is because THz band in micro 
or nano scale applications, such as in Internet of Nano Things, needs antenna miniatur- 
ization considering designing requirements. In the THz band, the use of surface plasmon 
polaritons can provide a graphene antenna that can be effectively miniaturized [17]. The 
use of hybrid plasmonic structures provides perfect equilibrium between confinement 
mode and propagation loss in waveguides that operate in the THz band with grapheme. 
This will aid in designing THz antenna elements by combining plasmonic miniaturiza- 
tion with dielectric resonator antenna characteristics [18]. In antenna miniaturization, 
resonant antenna length can be approximated to equal half wavelength at the resonance 
frequency to obtain wavelength range in THz band from 5 mm at 60 GHz to 30 um at 
10 THz. For example, the resonance frequency for metallic antenna at 1 THz needs to 
be approximately the resonant antenna length (ln) equal to 150 um. This result already 
demonstrates the potential for developing very large THz antenna arrays and more sub- 
stantial gains could be achieved through the use of plasmonic materials to develop nano- 
antennas and nano-scale transmitters and receivers. [19]. 
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10.5.2 Antenna Integration 


By studying the effect of graphene on plasmonic nano-antenna design, it is found that high 
radiation efficiency can be obtained in small effective area of nano-antennas. However, the 
highly effective region of plasmonic nano-antennas allows to deploy a very dense group of 
nano-antenna arrays in a very small size area [25]. Confinement factor y will enable to inte- 
grate the array elements into fixed footprint (5). For regular square nanoplanar antenna 
array with N number of elements, the footprint (6) can be calculated as follows [23]: 


5= (=) (10.6) 
y 


The total number of array elements depends on the minimum requirement for separation 
of antennas, their size, and the maximum allowable array. In the design of nano-antennas, 
there should not be a large mutual coupling between antennas to achieve minimum separ- 
ation between the nano-antennas. When the separation between the two nano-elements is 
close to the wavelength corresponding to the plasmonic wavelength App, the mutual coup- 
ling that takes place between the plasmonic nano-antennas is dropped quickly. 


10.5.3 Antenna Feeding and Control 


For array design requirements, capacitance generation must be controlled to be likely in 
the time or phase delay of the surface plasmon polariton (SPP) wave in each nano-antenna. 
At present, several alternative studies have focused on how to generate the THz plasmonic 
signals [26]. At frequencies below 1 THz, it could use different material technologies such 
as silicon germanium (SiGe), standard silicon (Si), and semiconductor technologies like 
gallium arsenide (GaAs) and gallium nitride (GaN). These material technologies enable to 
generate high-frequency signals [27]. For more than 1 THz frequencies, plasmonic grating 
structure creates SPP wave to generate the metamaterial-based antennas. For higher fre- 
quencies, optical pumping techniques are able to excite the SPP waves [28]. 

The nano-antenna array feeding depends on the mechanism of excitation of the plasmonic 
signal to the array elements. The optical pumping enables to excite all the nano-antennas 
simultaneously by SPP waves generated from pumped single laser. This optical pumping 
mechanism simplifies the process of nano-antenna feeding, but it requires to feed the elem- 
ents at the same phase and time delay, which would limit the array antenna applications 
[29]. In electrical pumping, the control of signal generation depends on the plasmonic 
controllers to adjust the plasmonic waveguide, phase, and delay. These controllers are 
enabling to distribute the signals to the different nano-antennas in a specific phase. The 
low power resulting from a single nano transceiver with limited SPP propagation length 
can tolerate the performance of the nanoscale antenna array [30]. Generally, the very small 
size of individual plasmonic sources can enable integration with each nanoscale antenna, 
therefore allowing digitizing the equivalent geometry. 


10.6 UM-MIMO Signal Processing 


Since the challenges of high propagation loss and power limitations in THz band has been 
overcome by ultra-massive MIMO (UM-MIMO) technology, signal processing problem 
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is considered one of the limitations in UM-MIMO THz communications. This problem 
is related to beamforming, pre-coding and modulation, low-cost MIMO channel estima- 
tion, and configuration [41]. Massive MIMO signal processors provide unique solutions 
in dealing with weak physical medium as well as bestow efficient information processing 
capabilities. In the MIMO antenna in which the mathematical cost of transmitting and 
receiving processing grows with the cubic function of the number of antennas, it found that 
signal processing is permanently affected, especially by adding a large number of antenna 
elements. The computations considerations related to signal processing in the massive 
MIMO network is coupled to a large extent with complexity, scalability, and delay, in 
addition to other aspects, that is, radio frequency limitations and coupling effects. [42]. 
UM-MIMO antenna arrays operate in an adaptive manner by dynamic modulation and 
operating frequency tuning, which requires highly flexible and efficient signal processing 
techniques at receivers. The configuration of UM-MIMO cognitive radio for efficient THz 
spectrum would be obtained through altering the operating frequencies and modulation 
modes for each antenna element [41,43]. The processing technique depends on the estima- 
tion of the received spectral parameters related to data detected at receivers in addition to 
enabling spatial modulation (SM) and index modulation (IM). Spatial modulation in THz 
can contribute effectively to gain benefits from the properties of dense arrays of sub-array 
(AoSAs) configuration to ensure high spectral efficiency and efficient beamforming [43]. 

In signal processing, interference cancellation technique with the power loading algo- 
rithm and user scheduling process aid in obtaining an optimum multiuser massive MIMO 
downlink channel transmission [41]. For transmission processing in massive MIMO 
systems, channel state information (CSI) in time-varying with TDD mode is obtained in 
order to make uplink channel signal processing estimates on the transmission side [42]. 
The signal processing mechanisms used for massive MIMO transmission are algorithms 
based on cost-effective scheduling, that is, greedy algorithms and discrete optimization 
techniques. Filters and amplifiers work to operate TDD, which needs a mechanism to 
calibrate links efficiently according to their transmission characteristics. For receiving pro- 
cessing parameters that is, channels gain, filter coefficients, and transmitted symbol detec- 
tion should be estimated carefully by training sequences and signal processing algorithms. 
To provide more accurate estimates of terahertz signals and to track differences in node 
mobility in application scenarios for UM-MIMO networks, non-orthogonal training 
sequences can be used [42]. Another important recovery processing is related to decoding 
strategies with reduced delay, especially in high streaming rates and sensitivity against 
delay such as in video applications that require message passing algorithms with smarter 
information exchange strategies. 


10.6.1 Hybrid Beamforming 


The THz UM-MIMO system requires beamforming to be optimized multi-carrier wave- 
form. In the MIMO systems, the distance- and frequency-dependent THz channel 
characteristics must be taken into account carefully to obtain an improved transmission 
capacity, and the sub-window assignment calculations must be verified, as these 
requirements play a critical role in forming an effective beam capable of overcoming the 
high path loss [44].The beamforming in UM-MIMO can be formed by feeding every 
nano-antenna on the integrated array by a plasmonic signal, which requires high active 
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Figure 10.5 block diagram of hybrid beam former. 


power but with higher gain. The estimation of the direction of arrival of beamforming is 
based on the measurements of time delays of incoming wave front to the different antenna 
elements [45]. Many methods can be used to accomplish beamforming, but the two most 
popular are switched-beam and adaptive array. Switched-beam system realization utilizes 
a predefined number of lobes in a beampattern and switches between them during a 
connection [45,46]. In adaptive array systems, there are no predefined beams, but the 
antenna diagram changes its shape and direction toward each dedicated receiver adap- 
tively, providing more degrees of freedom. 

UM-MIMO beamforming can be designated by analog or digital platforms. The 
advantages of analog beamforming are related to power and computations, which entail 
lower power consumption and lower computation complexity when compared with 
digital beamforming [47]. One RF signal can be applied to all antenna elements in an 
analog scheme, which is possibly forming a beam only in a single direction. Digital scheme 
can allow to form a beam in many directions with more flexibility in beamforming design, 
which requires that each antenna element should by applied a dedicated RF signal, but it 
would consume much power [48]. Hybrid beamforming can be used to improve power 
consumption in addition to benefit of multiple directions beamforming scheme, which 
combines the advantages and features of both digital and analog beamforming. Figure 10.5 
shows a hybrid beam system for MIMO systems. 

Beamforming design in THz communications is based on graphene material as it has 
an efficient capability to take control of the insertion loss with THz radiation and also 
able to overcome low absorption. The use of tunable plasmonic material and the cavity, 
which are used to concentrate electromagnetic energy at the active graphene region, both 
would provide a suitable beamforming for THz applications [49]. Plasmonic antennas in 
MIMO have a very small structure in nanometers, especially those based on grapheme. 
Due to the small antenna structure, MIMO system consists of thousands of elements 
in denser antennas arrays in millimetric area [47,49]. The use of ultra-massive antennas 
arrays with very small size for THz plasmonic nano-antennas would offer a great oppor- 
tunity to develop fully digital beamforming system. Beamforming uses very broadband 
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MIMO systems to generate THz signals that are able to focus their energy in the direction 
of transmission and achieve large channel gain. For MIMO system consisting of a number 
of transmitting antennas denoted by N, and receiving antennas by N,, the received signal 
vector R, at receiving antennas can be given by [50] 


R =Hw+N (10.7) 
where y represents the vector of the transmitted signal. N denotes N,x1 vector in zero- 


mean independent noises and variance (02). H stands for normalized channel matrix. The 
MIMO capacity can be calculated by the following equation [50]: 
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where P, represents the total transmitting power. The identity matrix determinant of 
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MIMO capacity can therefore be written as follows. 
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where A; denotes singular values of the matrix. A? denotes the eigenvalues of the matrix 
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the corresponding channel signal-to-noise ratio (SNR) at the receiver. k represents the 
number of non-zero A?. The beamforming technique improves the channel's SNR by maxi- 
mizing the wavelength (A). For UM-MIMO THz communications, the design of arrays of 
subarrays (AoSAs) depends on the dimensions of antenna subarrays M, x N, and M, x N, 
at the transmitter and receiver side, respectively (see Figure 10.6). The subarrays are driven 
by separated basebands and composed of OxO tightly packed antenna elements and each 
is controlled by graphene gateways due to the broadband phase shift. 

In AOSA structure, the main THz system component is sub-array that can generate 
beamforming with an acceptable gain contributing to reduce the high path loss at THz 
frequencies [51]. For such structure with perfect beamforming angle alignment, the SNR 
per stream can be expressed as in the following equation [13]. 


2 2 
ge Gt.Gr. Q Jal (10.10) 
o 
where 0? represents noise power, O? is an antenna element (AE) index in sub-arrays (SA) 
represents (Q x Q AF in a SA), and q@is a path gain. A large number of antenna arrays 
can be divided into sub-arrays as it helps to provide low gain beams in different directions 
while increasing the capacity. The beamforming can be performed if the array elements 
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Figure 10.6 Arrays of sub-arrays structure for UM-MIMO THz communications. 


extend in an area within the half wavelength and not exceed the full wavelength to avoid 
grating the wavelenths (As). The increase in gain beamforming can be achieved by inter- 
leaving sub-array elements with more than )/2 separation length between elements. The 
benefits of sub-array interleaving will stimulate the development of new methodologies for 
fitting array patterns [51]. The methodology of dividing one nano-antenna array into mul- 
tiple sub-arrays operated at different center frequencies facilitate the extraction of the 
capabilities of plasmonic nano-antenna arrays in generating beamforming for multi-band 
UM-MIMO THz communications. 


10.6.2 Spatial Modulation 


In UM-MIMO THz communications, very short pulses can be generated at higher THz 
frequencies with the corresponding power on the order of a few milliwatts, which is 
insufficient for long-range communications and limits the ability to generate continuous 
bus-based modifications. Pulse-based asymmetric time-spread on-off keying modulation 
(TS-OOK) can support a large number of nano-devices and enables to communicate in 
range between Gbps and Tbps [52]. The use of MIMO system with such modulation 
requires a means of modification methodology to account for pulse-based modulations. 
Cognitive systems can be used to adapt the modulation modes according to the condi- 
tion of THz channel. OOK modulation has been proposed for wide bands over 100 GHz 
and recently demonstrated for 300 GHz in less than one-meter transmission. For THz 
band, it gives a simple and cost-effective configuration wireless communication, but with 
low sensitivity. It can be improved by vector modulation, which provides more improve- 
ment [52]. 
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Spatial modulation (SM) can be considered as a spectral and energy-saving model 
of THz UM-MIMO. SM is a novel way to transmit information by means of MIMO 
transmitting antenna indicators in addition to traditional M-array signal combinations. 
For multicarrier, the antenna design would have large array dimensions that would 
allow for a large number of bit information to be set [53]. Spatial modulation in UM- 
MIMO depends on the distribution of the sub-array antennas controlled by inter-antenna 
separations and communication range according to the channels orthogonally, which is 
governed by optimal spacing value A. The optimal spacing value A can be calculated as 
follows [13]: 


A optimal= o (10.11) 
Mf 


where D represents the communication distance between the receiving antenna arrays 
and the centers of transmitting. M is matrix index for array-of-subarrays antenna. The 
integer value of Z denotes the condition guaranteeing the optimal AoSA design [53]. 
Optimal A depends on A and D. The small separation optimal antennas can be obtained 
by a shorter à and smaller d. In short communication ranges, optimal A is large compared 
to D. For large communication distances, channel paths become highly correlated where 
D > A [53,54]. 

UM-MIMO systems would obtain high data rates and improve error performance 
through transmitting many data streams, which would increase signal processing com- 
plexity at the receiver. SM in UM-MIMO would contribute to mapping more informa- 
tion bits on the SM installation consisting of a single element or a subset of the antenna 
elements. This feature would offer high rate with reducing the processing complexity. The 
use of SM is very suitable for unbalanced MIMO configurations and has the ability to be 
implemented for the UM-MIMO uplink and downlink transmission [55]. 


10.6.3 Multi-Carrier Configuration and Control 


Ultra-massive multi-carrier MIMO communication relies on ability of tuning the ultra- 
dense frequency plasmonic nano-antenna arrays. UMMC MIMO would mitigate the 
effects of water vapor absorption loss that divides the THz band into multiple trans- 
mission windows. The tuning of different nano-antennas at different THz frequency 
windows would enable the use of UMMC MIMO, which maximizes the THz band util- 
ization [56]. The configuration and control of multicarrier in UM-MIMO depends on 
nano-antenna spacing. Placing the array elements close to each other would limit the 
beamforming gain and reduce the capability of spatial sampling. Multiplexing gain for 
multicarrier can be obtained with much larger same THz frequency in the UM-MIMO 
sub-arrays with an adequate separation and it requires dynamic tuning for each array 
elements in sub-arrays to a specific frequency. For lower THz frequencies, software- 
defined plasmonic metamaterials should be considered. To obtain such operation, the 
separation between two array elements operated by same frequency is equal to half wave- 
length and that for operating in different frequencies is equal to wavelength of the surface 
plasmon polariton [57]. 
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10.7 UM-MIMO System Challenges 


One of the UM-MIMO THz communication challenges is how to obtain maximum THz 
channel utilization. Maximum utilization of THz UM-MIMO channels can be achieved by 
using multiple spectral windows simultaneously and letting UM-MIMO simultaneously 
utilize various bands of frequency and using graphene-based plasmonic nano-antenna 
(PNA) response frequency that can be tuned electrically. A new and innovative frequency- 
time-space and modulation coding is required for UM-MIMO systems to take advantage 
of spatial frequency diversities [57]. In addition, UM-MIMO communications require 
developing an accurate channel model to analyze the statistics of antenna arrays between 
the transmitter and the receiver in various scenarios for plasmonic nano-antennae. In add- 
ition the PDF profile for the THz signals coming from the nano-antenna arrays, particu- 
larly those propagated in high-frequency range needs to be analyzed. It is well known that 
the existing low frequency is difficult to be re-used for channel model of UM MIMO due 
absorption and reflection loss [58]. 


10.7.1 Fabrication of Plasmonic Nano-antenna Arrays 


The need to move from RF antennas to THz antennas with similar functionality is becoming 
a challenge in designing THz nano-antennas. Many methods and tools have been used for 
THz nano-antennae fabrication to achieve acceptable results that looks similar to RE 
Many improved radio frequency antennas have been investigated in the THz band, and 
for directivity, nano loop antennas and travelling-wave (TW) or wave-train antennas find 
obvious applications [58,59]. The antenna directivity can be controlled by phased array, 
but it faces challenge of matching source/antenna impedance in between. The fabrication 
of THz antenna arrays pose main challenges in designing UM-MIMO system feeding and 
control. The construction of arrays of sub-arrays also would be a challenge for balan- 
cing operations between analog and digital schemes and of course with the difficulties of 
building PNAs array from nanomaterials or metamaterials [59]. 


10.7.2 UM-MIMO Channel Modeling 


In UM-MIMO system, many studies characterized channel modeling for two and three 
dimensions of antenna arrays. The characterization of channel modelling in the other 
forms, that is, spherical or cylindrical is one of UM-MIMO channel modeling challenges 
[60]. Even antennas were deployed arbitrarily; array response vector would be absent 
for receivers located in the far field. Accordingly, for modeling UM-MIMO channel and 
collecting statistics for THz channel are quite difficult for many deployment scenarios [38]. 
There is a need to do more investigations on the physical characteristics and improvements 
in ray-tracing of channel modelling. The statistical modeling of THz bands model is a 
challenging issue especially in near-electromagnetic field. 

In THz UM-MIMO channel modeling, neighboring PNAs can be mutually coupled 
between each other, and a control circuit is needed for array network to control phase or 
time delay for THz channels, taking into account the influence of reflection loss, molecular 
absorption loss, and the spreading loss of tera hertz various bands. Other consideration 
is related to PNA arrays with the emission of many parallel signals in the channel which 
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operate in complex with multipath, scattered, and highly attenuated environment that 
requires an efficient estimation mechanism. This challenge can be reduced by using a spa- 
tial correlation between neighboring plasmonic nano-antennas (PN As) separated by a less 
than free space wavelength [60]. 


10.7.3 Network Layer Design 


For THz UM-MIMO systems, the physical layer must be designed with an optimal con- 
trol algorithm to control operation frequencies, as it is a challenge to exploit the terahertz 
channel abilities of many NPA arrays. The resource allocation with different optimizations 
is also considered as challenge in order to control multiband communication and dynamic 
beamforming or spatial multiplexing [61]. So, such limitations require an efficient algo- 
rithm to have an optimum resolution in RT for practical THz propagation scenarios. 
THz bandwidth depends on distance. Developing a modulation technique that is aware 
of distance becomes a challenge especially for operations over multiple separated bands 
in UM-MIMO, which requires new kinds of coding mechanisms for signals across various 
bands periods in order to improve the strength of THz signal to travel longer distances. 
Dynamic modulation and coding in THz band are two important parameters that can lead 
to capitalizing on the employment this technology. 

At the layer two (data link layer), the timing and clock management is a problematic 
issue related to UM-MIMO transmission at narrow bands. THz with very high data rates 
exist for different kinds of THz noises [61]. To tackle this problem, new network protocols 
are needed that are capable to overcoming synchronization in UM-MIMO communication 
systems. Optimal timing and high accurate clock for oscillator matching to reduce delay 
of acquisitions process is required to enhance the capacity of the channel. Beamsteering 
also can pose a delay challenge to the link layer, which is related to technology of building 
the UM-MIMO arrays and considered a problem affecting the system throughput due to 
low beamsteering process. The usage of bandwidth at surface plasmon polariton (SPP) 
wave and plasmonic nano-antennas (PNAs) arrays may modulate the phase in THz band 
by thousands of GHz, which may allow fast speed of steering the beam at the arrays [62]. 
Due to fast beamsteering, in with THz narrow transmission beams would causes high 
values of instantaneous interference, which needs to be analyzed. There is also a need to 
develop a mechanism to overcome it according to design considerations. 

In network layer, obtaining high gain directional antenna for UM-MIMO systems 
in Tx and Rx transmission ends would increase the complexity of network design for 
broadcasting and relaying communications. Broadcasting dynamic beamsteering at 
very high speeds would require an optimal relaying strategy to consider the behavior of 
THz bands channels in very large arrays in addition to synchronization requirements. 
For previous layer design challenges, there is a need to solve all of them in a cross-layer 
fashion to ensure consistency of THz networks and communication for device-to-device 
transmissions [63]. 


10.8 Ultra-Massive MIMO Array of Sub-Array Design 


In the THz UM-MIMO system, the massive plasmonic antenna would lower the gain of 
multiplexing and beamforming, due to inaccurate sampling of temporal and spatial aspects 
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Figure 10.7 Arrays of subarrays system for RF beam optimization. 


in addition to complexity in antenna array control. The dividing of large antenna arrays 
to multiple sub-arrays would contribute to improving beamforming gain and transmission 
power consumption [64]. A structure of sub-array-based coordinated beam training with 
time delay phase shift would be promising for the optimization of RF beam directions 
across multiple sub-arrays. The complexity of building UM-MIMO systems is a trade-off 
between analog or digital schemes. The feature performance of the two schemes can be 
solved by building a hybrid digital analog architecture. The architecture of arrays of sub- 
arrays structure can consist of many RF chains (see Figure 10.7). The RF chains are used 
to drives the disjoint subset of antennas in sub-arrays and each subset is attached to an 
exclusive phase shifter. The RF chains can be fully connected by sharing it among antennas, 
but for arrays of sub-arrays structure, only accessibility is available to one exact radio fre- 
quency array-of-sub-arrays chain. Digital processing is implemented for controlling the 
data streams and for many users” side interfaces baseband [64,65]. 

The structure of array of sub-arrays is operated by signal processing performed at sub- 
array level due to an adequate number of antennas. In addition to using a few phase 
shifters with disjoint structure, the complexity of architecture design and power consump- 
tion would be reduced. Multiplexing capability and signal energy distribution among 
different sub-arrays can be provided due to use of digital baseband cooperation, which 
would in turn lead to higher beamforming and spatial diversity gains. Power amplifier in 
THz bands would dynamically compensate the overall power consumption due to pro- 
cessing, which is generally calculated as a function of the output power as n= Pou/Pac, 
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where P, is output power and Pac is the power amplifier consumption [64]. The THz 
total energy consumption of power amplifier of can be achieved using a model with non- 
linear characteristics along RF N antenna arrays chains. 

Loss in an array of sub-arrays of UM-MIMO would occur according to insertion loss 
that comes from the power splitting among each subarray [65]. The use of time delay 
phase shifters in multiuser wideband communications can contribute to designing a 
hybrid beamforming. The shifted phase 0) for hybrid beamforming depends on the car- 
rier frequency and antennas element spacing in addition to angle of steering direction. 
Other considerations are important while designing the UM-MIMO array of sub-arrays 
such as losses due to feeding and mutual coupling. Large feeding loss would appear due 
to larger sub-arrays used and the neighbor array antenna elements coupling would reduce 
efficiency. To improve this degradation, a careful installation, configuration, and distribu- 
tion of frequencies are needed. 


10.9 UM-MIMO Applications 


UM-MIMO systems can be used in many applications with different communication 
bands and technologies. THz UM-MIMO opens new opportunity to develop more 
interesting applications in the areas of localization, imaging, and sensing. Gas sensing can 
be developed by using UM-MIMO systems, using which gases can be sensed over distances 
and gas behavior due to molecular absorptions can be extracted for different kinds of 
measurements such as monitoring air pollution. The benefits of using UM-MIMO in THz 
arise from higher data rate for connecting data centers of big data exchangers together 
wirelessly by supporting multiple inter- or intra-rack communication links. Transceivers 
using UM-MIMO can contribute to optimizing the operation of such communication 
environment and supporting ultra-high-speed broadband for wireless body area network 
(WBAN) or IEEE802.15.7 and wireless personal area network (WPAN) or IEEE802.15. 
Adding to that, UM-MIMO would provide high data rates for vehicular and mobile 
networks and minimize the effect of Doppler phenomena in such networks by moving to 
higher frequencies like THz bands. Higher throughput utilization, reliability, and latency 
would make the use of THz UM-MIMO a best solution for unmanned aerial vehicles 
or drones. UM-MIMO is promising to develop a new communication generation in 5G 
networks, medical imaging, ultra wideband (UWB), and ultra-dense wireless networks. 


10.9.1 5G Backhaul 


The 5G backhaul for future communication demands wireless broadband due to its con- 
tribution in providing huge data services. The use of UM-MIMO is considered as a prime 
support to 5G, which would offer higher data rates, and coordinating the communication 
among MIMO transceivers in should be in such a way to mitigate the interference [66]. 
UM-MIMO with mm-wave technologies would offer important solutions for several tech- 
nical issues of 5G and future Het-Net. The UM-MIMO would promise to offer massive 
capacities to the 5G systems due to antenna structure, which reduces the transmission 
power, hardware complexity, and the power consumed by signal processing [66,67]. The 
use of massive MIMO would provide an efficient way to secure spectrum competence for 
broadband networks. In addition, the massive MIMO would enable to equip the eNodeBs 
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Figure 10.8 MGB system for 5G backhaul. 


with large antennas arrays and attain to improved spectral and energy efficiency in wireless 
network base stations (BSs). 

Moving to much higher frequency bands closed to mm-wave band or low THz bands, 
UM-MIMO would be able to solve the problem of capacity that exists in the lower fre- 
quency backhaul systems by providing large available bandwidths and ultra-high data 
rates. In addition, the use of high steerable antennas would reduce interference and pene- 
tration losses in propagating through walls and obstacles. mm-waves with UM-MIMO 
would offer a suitable coverage for small cell backhaul in an outdoor environment for a 
few hundred meters [67]. Other contributions of massive MIMO is in the use of millimeter- 
wave Gbps broadband (MGB) that is presented as a solution to provide Gbps for small 
cells and fixed broadband accessing. The use of MGB would allow small cells to operate 
within a coverage area in Gbps without a limitation of access to wired backbone and 
would offer coverage with high data rates for mobile services and vehicle applications as 
shown in Figure 10.8. 

The MGB backhaul would provide a communication between the fiber backhaul and 
small cells by using mm-waves and sub-THz waves through hybrid analogy beamforming 
and digital MIMO processing, which would help to balance the power consumption 
and digital processing for channel status. This means MIMO processing schemes have 
to be adapted according to the channel conditions. Antennas in fiber backhaul side and 
small cells can achieve a sufficient range by a large massive array structure [68]. By using 
antenna sub-arrays, analogy beamforming, and digital MIMO, MGB system would pro- 
vide a flexible, scalable, and cost-effective solution for small cell backhaul mobile broad- 
band. In THz band, UM-MIMO can provide a hybrid radio and optical system backhaul, 
which would allow two communication links interacting according to weather conditions. 
The backhaul system is based on RF in the THz band and free space optics. Optical link is 
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preferred for clear weather while in case of fog or wind conditions, the link could be taken 
through RF THz frequencies. 


10.9.2 Medical UWB Imaging 


In medical diagnostics, the use of ultra-wideband (UWB) sensing would provide a novel 
technology specially in fields of cancer detection. With the help of using UM-MIMO 
systems, it would be possible to develop an appropriate and fast measurement system 
with a sufficient recordable channel [69].The imaging technology of UWB UM-MIMO 
would provide a means of processing scattered signals collected from sub-array antennas 
to identify the tumors. Using massive MIMO technology with UWB applications, esti- 
mation of volumetric pixel measurements can be achieved for tumor detection processes 
[70]. Another application related to use of UWB with massive MIMO is to detect humans 
through multiple sight vision and two-dimension imaging as a human radar can used for 
medical purposes and military or surveillance applications to improve rescue efficiency. 
Massive MIMO UWB would provide also high-range resolution and distance accuracy for 
human detection, with the capability to track small movements [71]. For such applications, 
MIMO array system can greatly reduce the cost of radar system by combining high-range 
resolution by UWB signaling with high directional property of multiple array antennas. 
The use of UWB imaging system with digital beamforming would be able to deliver higher 
resolution three-dimensional imaging for short-range applications, which can contribute 
significantly to developing a new system for detecting medications that are packaged or 
stored inside boxes without disturbing the medical-saving cans [72]. UM-MIMO array 
can also enable new concepts, such as digital wave coding, providing opportunities to 
drive such system performance even more to a higher level. 

The technology of UWB with massive MIMO can open new opportunities to develop 
even amazing applications such as imaging behind walls to image the building interiors. 
Massive MIMO antennas in UWB can used as a sensor according to the system design 
requirements for various applications of sensing such as moisture, temperature, tumor, 
crack, or imaging, which depends on suitable spectrum [72,73]. Microwave radar imaging 
based on UWB sensors is another application system that can be used for detecting cancer 
in the human body. In such systems, MIMO with electrical steering would produce 3D 
images by an array-based sensor consisting of single transmitter and multiple receivers 
(see Figure 10.9). 

Since small cancerous tumors cannot be detected by X-ray mammography, radar-based 
microwaves UWB with higher THz bands could detect them. Deeper accuracy in detecting 
cancers that can more precisely differentiate between different tumor tissues and deter- 
mining their types would also be possible [73]. The benefit of using UM-MIMO THz band 
in medical imaging is due to it being non-ionizing radiation for medical imaging and being 
safe, being sensitive to water components, and being non-destructive to the tissues [74]. In 
addition, THz waves using UM-MIMO can also penetrate many materials. 


10.9.3 Ultra-Dense Wireless Networks 


IoT Industry 4.0, vehicle-to-vehicle (V2V), and M2M communications all are applications 
requiring significant multimedia services and wide broadband capacity, therefore requiring 
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Figure 10.9 Radar imaging based on UWB sensors system. 


new 5G wireless standard. The use of continuous ultra-dense networks (CUDNs) can con- 
tribute to adding an interactive method for attaining abovementioned goals of 5G [75]. 
The utilization of UM-MIMO system with micro cells would provide more efficient com- 
munication systems that can achieve a degree of freedom system and large array gain with 
low transmission power consumption. UM-MIMO is considered as a strategy for boosting 
capacity in wireless networks. Developing massive MIMO antenna with millimeter waves 
of near to THz waves for communications can contain a huge numbers of picocells and 
femtocells for 5th generation in dense cities and urban areas. For ultradense wireless 
networks, a means of distributed network architecture is used due to relaying gateways by 
multiple hop link to support wireless backhaul traffic [75]. Due to dense backhaul gateway 
configurations, there are two types of networking architecture for controlling hand off 
between the cellular stations. In dense cities and urban area 5G networks, single or mul- 
tiple gateways can be used. 

In ultradense network with a single gateway, gateways are configured only at microcell 
base stations (BSs) that have space for UM-MIMO array of antennae for sending and 
receiving traffic from/to small cells inside the microcell. Communications between adja- 
cent small cells can be facilitated by multi-hop millimeter wave links [75,76]. For 5G 
networks, multiple gateways can be used for forwarding traffic from dense cities and 
urban areas to backhaul and to core network. Each small cell base station can be deployed 
by a gateway based on geographical scenarios and each adjacent cell can communicate 
with each other by millimeter wave link, that is, traffic of small cells can be distributed 
into multiple gateways in microcell [76]. The use of massive MIMO with millimeter waves 
would provide enough resource for small-cell base stations and help optimize resource 
allocation for 5G ultra-dense cellular networks. The use of massive MIMO as in cell-free 
scenario (see Figure 10.10) would improve both the network coverage and energy effi- 
ciency. The power control parameters exchanged due to backhaul network would lead to 
utilizing the performance of defined wireless networks, in addition to obtaining macro- 
diversity gain for massive MIMO distributed antennas among deployed small cells over a 
large geographical area. 
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Figure 10.10 Cell-free massive MIMO network. 


In a free UM-MIMO cell, the services can be distributed to the users via several APs at 
the same time. The AP can be attached to central server that can process and cooperate for 
detecting signals from the user. The use of distributed detection and pre-coding cell-free 
massive MIMO would reduce the complexity of the system and improve CSI channel scal- 
ability and acquisition at processing site [77]. The deployment of small cells with and AP 
for users would represent important key requirement for ultra-dense networks. The usage 
of free UM-MIMO cell as a technology for ultra-massive network would help develop a 
smart new-generation networks with UM-MIMO holding promising for future dense 
networks [78]. 


10.9.4 Indoor UWB 


The combination of using UWB with MIMO would provide higher capacity and data rate 
for long transmission range. The use of massive MIMO in UWB would open new oppor- 
tunities for UWB communications in different applications such indoor positioning and 
wireless sensor networks [79]. The combination of UWB and MIMO would be a good 
choice for indoor transmission. In an indoor scenario, UWB signals would encounter sev- 
eral reflection and scattering due to dense multipath environment, which can be resolved 
for all multipaths by using temporal and spatial resonance at a prespecified location at a 
spatial moment, which is considered as a virtual antenna to realize massive MIMO for 
better multiplexing [80]. More multipaths mean more bandwidth availability for indoor 
UWB communications. The UWB with UM-MIMO system platforms can contain recon- 
figurable PNA arrays at the transceiver node, working as plasmonic transceiver arrays as 
shown in Figure 10.11. The PNA arrays control the physics of SPP waves to capably 
radiate at the frequency of the target resonant at the same time being much lower than the 
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Figure 10.11 Indoor UWB with UM-MIMO plasmonic antenna array. 


matching wavelength [31,81]. This scheme would permit the antenna arrays to be 
combined in very compact area at sub-wavelength resolutions. 

UWB applications in indoor communications might face huge fading and inter-symbol 
interference (ISI) due to its propagation in LOS, but MIMO can be used in the scattering 
environment to overcome these drawbacks. The use of massive MIMO with UWB in 
indoor environment would provide high throughput, reduce multipath fading and ISI, 
and enhance capacity and an ability to extend the communication range [82]. Indoor 
localization applications are used for positioning of mobile devices in the indoor scen- 
ario, such as in office halls, industrial rooms, or those can be communicated by short 
UWB pulses. The use of positioning methods would describe the synchronization between 
access points (APs) and mobile users [83]. According to AoA architecture, the MIMO of 
antenna arrays can be used in each access points. The use of massive MIMO would 
provide higher accuracy and precision than outdoor localization services to work with 
fairly small spaces and amidst blocks and obstacles. And the use of UWB would allow 
to transmit large data with low energy consumption, which is most favorable for indoor 
applications [82,83]. 


10.10 Conclusion 


The demands of higher bandwidth and transmission speeds for future wireless 
communications motivates the researchers to move toward higher frequencies than regular 
RE THz bands can meet the demand for higher bandwidth but has the drawback of higher 
attenuation and loss. The design of THz transceivers faces some barriers related to power 
constraints, leading to a very short communication of only a few meters. Ultra-massive 
MIMO (UM-MIMO) is a new technology that could improve the traveling distance of 
the signal and add much higher capacity for THz communication networks. The UM- 
MIMO system depends on antenna arrays designed with graphene and plasmonics, which 
contain of large number of nano arrays in very compact and small space. This enables 
deployment of massive elements in arrays for transmission and reception, that is, 1024 
x 1024 UM-MIMO at 1 THz that can provide different transmission modes. The signal 
processing problem is considered one of limitations in UM-MIMO THz communications. 
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The chapter presented an extensive range of concepts about THz UM-MIMO systems and 
antenna array fabrication, in addition to many problems encountered in feeding and con- 
trol. Moreover, the chapter provided a detailed construction for arrays of sub-arrays using 
metamaterials and nanomaterials to build plasmonic nano-antenna (PNA) arrays with 
various challenging issues and related applications. 
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11.1 Introduction 


The ever-increasing demand for high-speed wireless communications has pushed the com- 
munication technologies toward sub-terahertz operating frequencies (0.1-0.5 THz). The 
recent introduction of millimetre wave (mm-wave) band in SG standard has ushered a new 
era of design and development in sub-THz communication. Millimetre-wave systems can 
provide a data rate of 10 Gb/s with the possibility of dedicated antenna beams for each 
user in a micro-cell structure. Although the path loss experienced by sub-THz frequencies 
is very high (82 dB for 1 m @ 300 GHz), yet the small size and large bandwidth make 
them suitable for in-door high-speed communication. In the mm-wave transceiver chain, 
the antenna plays a crucial role in determining the overall performance of the link. Due to 
very high path loss, sub-THz systems require high gain directive antennas. Conventional 
bulky high-gain antennas such as horn, parabolic dish and slot can be designed for mm- 
wave frequencies. Yet, the large footprint (in comparison with device size) and lack of 
interconnects make them less favourable for commercial indoor communications. As in 
the case of mobile communications, patch antennas are the preferred choice for realizing 
a hand-held device. Planar patch antennas can be used at mm-wave frequencies, although 
they cannot alone provide very high directivities due to their broad radiation pattern. 
The directivity of a planar structure can be increased by utilizing a planar array. An array 
consisting of planar patch antennas not only improves the directivity and gain of the 
structure but also opens up the possibility of steering the radiation pattern by adjusting 
the phase of each element. Furthermore, an electronic beam steering mechanism allows for 
automatic reconnection between transmitter (Tx)/receiver (Rx) nodes, ensuring reliable 
operation if the direct link becomes entirely blocked by an obstacle. This can be guar- 
anteed by non-line-of-sight path scenarios using direct reflections from the walls, floor 
or ceiling in indoor environments. Moreover, the use of sub-THz and THz frequencies 
provides the opportunity for on-wafer integration with active devices, enabling compact 
mm-wave transceivers. 

Conventional complementary metal-oxide-semiconductor (CMOS) technologies fail 
to provide complete mm-wave systems beyond 100 GHz. The reason lies in the fact 
that the crystalline structure of Silicon is noisy and thereby hinders the development 
of an efficient device operating at the sub-THz range. Alternative technologies such as 
Silicon-Germanium (SiGe), Indium-Phosphide (InP) and Gallium-Arsenide (GaAs) have 
been exploited to fabricate sub-THz devices operating beyond 100 GHz with an output 
power of around 100 pW [1-3]. Millimetre wave frequencies can be generated using an 
N-step frequency multiplication process with the phase noise of the generated signal being 
strongly dependent on the number of multiplication stages. A single step signal generation 
is often achieved by biasing a transistor in the unstable region and by using a filter at the 
input/output, it is possible to create a mm-wave oscillator. Electronics-based mm-wave 
signal generation is power hungry due to loss of energy either in multiplication stages or 
filtering. On the other hand, such techniques are strongly dependent on operating tem- 
perature and crystalline structure of the material. 

Another limitation of electronic-based mm-wave generation systems is the lack of 
tuneable phase shifters. Conventionally, electronically implemented phase shifters are 
based either on switched delay lines using micro-electromechanical systems (MEMS) or 
on monolithic microwave integrated circuits (MMICs). The main limitations of these 
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solutions lie in their limited operating bandwidth (BW), or low power handling, often 
with the additional constraint of relatively narrow scanning angles [4-7]. In particular, 
they do not guarantee the same performance, for example, in terms of minimum step 
of scanning angle and maximum transmission range over their operating bandwidth. 
Even the appealing and promising technology of Rotman lenses allowing for (discrete 
only) true-time-delay (TTD)-based beam steering, may pose issues related to size, scal- 
ability and modelling complexity [8]. The electronic analogue or digital approaches to 
phase shift, on the other hand, can operate on large BWs. Still, they usually do not offer 
the same performance at every frequency, introducing non-negligible losses and signal 
distortions [4]. For operation beyond 100 GHz, switched delay lines are mostly used to 
realize phase shifters. Such TTD-based approach is limited in minimum steering step and 
the operating bandwidth. 

An interesting solution to both problems = (i) signal generation and (ii) tuneable phase 
shifter — comes from the field of optics. In early 2000, photonics systems performing 
microwave operations were reported. Optical frequencies range from 180 to 800 THz 
(1600-400 nm) while sub-THz frequencies range from 0.1 to 0.3 THz. The complete mm- 
wave range is just 16% of optical C-band (1530-1565 nm). In turn, this means that an 
optical device having a bandwidth of 2% (around 1550 nm) can provide a bandwidth of 
hundreds of GHz without adding any complexity to the design. Before microwave pho- 
tonics (MWP) systems, optical fibres were used widely to transport RF signals. This tech- 
nology is commonly known as radio-over-fibre (RoF) [9]. A simple description of a RoF 
system is presented in Figure 11.1. It consists of an optical modulator which modulates the 
incoming RF signal onto an optical carrier from a laser source. At the receiving end, a 
photodiode is used to convert the optical signal back to the electrical domain. The band- 
width of a RoF system is mainly limited by the speed of the modulator and the photodiode 
cut-off frequency. Instead of just transporting RF signals over fibre, it is possible to per- 
form operations in the optical domain over the RF signals [9]. These operations include 
filtering, phase shifting, modulation, up/down conversion and analogue to digital conver- 
sion. The main advantage of optical processing is that thermal noise does not affect optical 
signals. Moreover, the tunability of optical devices is relatively easy to achieve. Another 
attractive property of photonic processing is that stable mm-wave oscillators can be 
constructed using optical devices. Instead of heterodyning a local optical oscillator (LO) 
with an optical data signal, two inter-locked laser signals spaced in frequency are mixed in 
a photodiode. The difference of the laser frequencies generates a highly stable sub-THz LO 
signal. By varying the frequency of one of the lasers, it is possible to tune the LO frequency. 


RF Data 


Photodiode 


RF Data 


Modulator 


Figure 11.1 Block diagram of radio-over-fibre (RoF). 
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Farlier MWP systems were developed using fibre-based components. Although these 
systems have provided a proof of concept, their dimensions were not suitable for large- 
scale manufacturing. Recent developments in photonic integrated circuit (PIC) technology 
has made it possible to realize mm-wave signal generation using microwave photonics 
techniques. 

Using MWP techniques, it is possible to generate sub-THz signals with precision. 
Also, a tuneable phase shifter can be implemented in the optical domain such that the 
mm-wave signal is phase delayed prior to conversion to the electrical domain. For such 
operations, the limitation of the optical domain comes from the limited cut-off frequency 
of photodiodes and limited modulation speed of optical modulators. Recently introduced 
Silicon photonics technology cannot provide the necessary modulation speed and cut-off 
frequency for sub-THz signal processing. III-V compounds are the only choice for realizing 
mm-wave systems. There exist optical as well as electrical components in III-V materials 
independently, yet the interconnects needed for realization of complete opto-electronic 
systems such as waveguides and transmission lines are not standardized. The reason lies 
in the fact that II-V technologies constitute a very small portion of the integrated device 
market. A lot of focus has been given to Silicon-based technologies; therefore III-V tech- 
nologies lack necessary fabrication techniques for realizing a complete opto-electronic 
system operating in the mm-wave range. The difficulties in realizing vias and cavities in 
II-V materials are a design bottleneck for realizing passive components such as antennas, 
filters and circulators. In the following sections, we present the development of an antenna 
array in InP (commonly used I-V material in optics and electronics) using a sacrificial 
layer of BCB. An alternative to this technique is also presented where a waveguiding struc- 
ture is developed on InP using a via-less bed of nails architecture. These two techniques 
can provide the necessary interconnects for the realization of a complete opto-electronic 
system operating in the sub-THz region. 


11.2 Unit Radiating Cell or Antenna 


Electromagnetic radiation is created whenever a charge accelerates or deaccelerates. This 
effect can be enhanced by introducing asymmetric magnetic fields. Such asymmetries 
are introduced by adding bends and gaps to a conductor surface. The simplest form of 
antenna is a wire antenna where a leaking magnetic field generates a travelling electro- 
magnetic (EM) wave. Radiation is an inherent phenomenon in all the matter above 0 K. 
Here we focus only on conductor surfaces that are optimized to enhance the radiation 
towards a particular direction in space. Antennas can be classified into two categories: (i) 
directive antennas and (ii) omni-directional antennas. Directive antennas focus electro- 
magnetic (EM) energy in a particular direction across a three-dimensional space. Common 
examples of directive antennas are horns, parabolic dishes and arrays, among others. Such 
antennas are often employed in high power applications or base stations. Non-directive or 
omnidirectional antennas radiate equal EM energy in almost all directions. A theoretical 
isotropic antenna radiates equally in all directions. Dipoles, patches and helical wires are 
all examples of omnidirectional antennas. While antennas also exist in the optical domain, 
the term ‘antenna’ is not used for optical emitters, which are instead called mirrors and 
lenses. Our discussion in this chapter is limited only to non-directive patch antennas and 
directive arrays. 
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11.2.1 Patch Antenna 


Since the 1970s, microstrip antennas are utilized for many applications due to their design 
flexibility and cost effectiveness. They allow for compact solutions since they can be 
integrated into a single printed circuit broad (PCB) along with active components allowing 
compact wireless transceivers. 

A simple microstrip antenna consists of a sandwiched dielectric material between two 
metal layers where the top metal layer houses a feeding line and radiating patch while 
the bottom metal layer serves as a ground plane. The shape of the radiating patch is only 
limited by the imagination of the designer. The most commonly used shapes are shown in 
Figure 11.2. 

As an example a square patch fed by a microstrip line is shown in Figure 11.3. Its res- 
onance frequency is mainly determined by the physical length of the radiating element, L, 


(a) Square (b) Rectangular (c) Dipole (d) Circular (e) Oval 


A 909 


(£) Triangular (g) Disc Sector (h) Circular Ring (i) Ring Sector 


Figure 11.2 Different shapes possible for microstrip antennas (adapted from [10]). 
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Figure 11.3 Illustration of a microstrip patch antenna (adapted from [10]). 
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which is calculated as a function of the substrate properties, €,,/, the relative dielectric 


A 
constant and thickness, respectively, to satisfy the equation L = ao where A is the 


wavelength given by in which €, and uy are free space dielectric constant and 


1 

fN Holl, E0€: 
magnetic permeability, respectively. The Al factor is used to compensate the fringing fields 
effect and, although theoretically quantified, in terms of design it is often obtained using 
parametric simulations or optimizations algorithms. The width of the patch, W, does not 
have a significant impact on the resonance frequency, but it allows for improvements on 
the bandwidth and efficiency since it affects the losses along the radiating element. The 
variation in the width of radiating patch can improve the performance to a certain limit 
beyond which undesired radiation effects take place. The microstrip antenna can exhibit 
different radiation patterns depending on the excitation caused by current distribution. 
Despite the complexity involved in the theoretical study, the optimal current distribution 
is calculated using a cavity model or an Eigen mode solver. For a more accurate analysis, 
a full-wave electromagnetic simulation can be performed to obtain an optical current 
mode for the desired structure. The desired resonance frequency of the first mode (TM) 
can be calculated using the following equation [10]: 


(11.1) 


(Qo = Stan 
T0 2L Je, Jlo 2148, 


where v, is the speed of light in free space. The current density distribution, J, = x H, of 
the TM,,) mode is maximum at the centre of the radiating element and minimum at the 
ends, and from the cavity model, the electric and magnetic field on the radiating element 
can be approximately expressed as[10, 11] 


verticalelectrical field = E, = E cos, (11.2) 


transverse magnetic field = H, = Ho sin, (11.3) 


Note that Equations (11.2) and (11.3) are referred to the coordinate system shifted 
towards the left edge of the antenna (close to the feeding point). For example, the elec- 
tric field is maximum at the edge, where y = 0, and minimum at the centre of the patch, 
where y= L/2, and maximum once again at the right edge, corresponding to y= L. 
The magnetic field is referenced in the same coordinate system being 90° out of phase 
of the electric field. Also, this equation reveals that this quantity remains constant in 
the z-axis. 

The TM mode creates a radiation pattern with a maximum in the normal plane of the 
antenna (xy-plane). For example, an observer in the elevation plane (xy-plane), positive 
y-axis aligned with the centre of the radiating element should receive a maximum whereas 
an observer in the azimuth plane (zy-plane) aligned with the (y-axis) should receive a 
minimum. 
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The patch antenna can also be modelled as an open-ended transmission lime, in which 
the voltage and current can be approximated as 


voltage = V (y) = V cos T (11.4) 
current = I (y) = Loa (11.5) 
DAL 
V 
and, since Z = Te, this shows that the impedance varies along the length of the patch, 
y 


remaining constant across its width. This equation is also referred to the coordinate 
system shifted to the left edge of the antenna (close to the feeding point). For example, 
the impedance is maximum at the edges and is minimum at the centre. The optimal feed 
point, considering a 50-ohm source matched to a 50-ohm transmission line, is often found 


È ; a or 
around y = ri from the edge (along y-axis). This is the reason why in Figure 11.3, the 


microstrip line goes into the radiation patch for better impedance matching. 


11.2.2 Coupling of Microstrip Antenna 


There exist several feeding mechanisms for microstrip antenna, namely, microstrip feed, 
aperture feed, magnetic coupling and capacitive coupling. Illustrations of the different feed 
mechanisms are presented in Figure 11.4 [10, 11]. The simplest microstrip feed consists 
of a microstrip transmission line that feeds the antenna as illustrated in Figure 11.4 (a). 

The input impedance of the TM),) mode can be optimized by varying the position of the 
feeding point of radiation patch, which is commonly known as inset feed. As mentioned 
before, this technique benefits from the fact that the impedance is the function of the 
length of the patch, so by moving the position of feeding point into the radiating patch, 
it is possible to obtain a desired input impedance over a certain bandwidth. However, 
as the substrate thickness increases, the microstrip line cannot support the wave propa- 
gation thereby making the feeding mechanism not suitable for very thick substrates. 
Furthermore, this feeding technique is not suitable for antennas whose feeding point is not 
on the same side of PCB as radiating patch. 

Another commonly used feeding technique is the coaxial feed, as shown in Figure 11.4(b). 
Coaxial feed is constructed by connecting the out sheath of coaxial connector to the 
ground plane and the connector pin to the radiation patch. The parasitic inductance 
resulting from the feed line length limits the application of this technique for very high 
frequency applications, and therefore it is not recommended for antenna arrays. Similarly, 
to the microstrip feed, the input impedance can be controlled adjusting the feed position. 

The limitations presented by microstrip and coaxial feeds can be mitigated by using 
aperture-coupled feed and proximity coupled feed. The aperture feed shown in Figure 11.4 
(c) is constructed using two different substrates separated by a metal layer. The feeding 
line is then designed on the bottom metal layer of the first substrate layer and the radi- 
ation patch is housed on the top metal layer of the second substrate. The feeding is 
reached by means of an aperture in the sandwiched metal layer between two substrates, 
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Figure 11.4 Different microstrip antenna feed typologies (adapted from [10]). 


which serves as the shared ground plane between the radiation patch and the microstrip 
feed line. The aperture can be designed for any geometrical shape; however, a rectangular 
aperture is preferred due to its wide bandwidth. The input impedance can be controlled 
varying the length of the feed line, the position and size of the slot. The proximity feed, 
also known as magnetic coupling feed, often consists of two substrate layers as shown in 
Figure 11.4 (d). The feeding line consists of a microstrip line between the two layers, 
which induces a current distribution on the patch. The input impedance is optimized by 
varying the length of the transmission line and the width ratio between radiation patch 
and microstrip feed. 

The equivalent circuit models for the different feeding methods are presented in 
Figure 11.5. It is evident that the microstrip and coaxial feed approaches present similar 
equivalent models, exhibiting a dominant inductive behaviour. The proximity feed 
presents a dominant capacitive behaviour while the aperture feed presents both capaci- 
tive and inductive coupling mechanisms. It is important to note that all the equivalent 
models correspond only to the fundamental mode TM) 9. In case of more than one mode, 
for example, if a parasitic element is added for bandwidth enhancement, these equivalent 
models are no longer valid, and more complex models must be derived. 
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Figure 11.5 First-order equivalent model for the different feed techniques (adapted from [10]). 


P, = power available from the generator n = radiation efficiency 
Pu= power to matched transmission line GR = realized gain 

Po = power accepted by the antenna G = gain 

PR= power radiated by the antenna D = directivity 

M,= impedance match factor 1 I =radiation Intensity 


M= impedance match factor 2 


Figure | 1.6 Gain and directivity flow chart (adapted from [12]). 


11.2.3 Antenna Efficiency 


Figure 11.6 [11] presents an intuitive view of some of the most important antenna 
parameters extracted from the IEEE standard definition of terms for antennas [12], in 
which efficiency is included, and the same original source also provides definitions for all 
the illustrated parameters. One of the most important parameters is antenna efficiency 
especially when dealing with very small output powers (< 1mW) and very high operating 
frequency (> 100GHz), which is the case of the milli-meter wave sources considered here. 
The antenna efficiency depends on several factors including substrate loss, conduction loss 
and surface waves as these do not contribute to the useful radiated power, Pk. The effi- 
ciency can be described mathematically as 


Pe 


en ee (11.6) 
Pr A Eee 


n 
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where P = P, +P os corresponds to the power accepted by the antenna, in which Pos is 
the fraction of the accepted power which is not radiated. 


11.2.4 Antenna Directivity and Gain 


As described in IEEE standard definition of terms for antennas [12], directivity is the 
radiated power intensity in a certain direction divided by the average radiated power by 
the same antenna. In mathematical form, it can be expressed as [10] 


_ 4nU 
Pr 


D , (11.7) 


where U denotes power intensity in a certain direction. The typical directivity of a single 
element microstrip antenna is 5—7 dBi. In most of the cases, the directivity bandwidth is 
greater than the impedance bandwidth thus the antenna bandwidth is mostly defined by 
the impedance bandwidth. 

The gain of an antenna defined as the radiated power intensity in a certain direction 
over the total power that would be radiated by an isotropic (ideal) antenna receiving 
the same amount of power [2]. Therefore, the gain (G) corresponds to the directivity 
affected by the efficiency factor, which can be expressed, for a certain direction, as 
follows: 


G=), (11.8) 


11.2.5 Antenna Bandwidth 


Antenna bandwidth is defined as ‘the range of frequencies within which the performance 
of the antenna, with respect to some characteristic, conforms to a specified standard’. 
The concept of antenna bandwidth extends beyond the impedance bandwidth since the 
directivity and efficiency must be considered. For example, an antenna is wideband if it 
has wideband impedance and both directivity and efficiency fulfil the requirements in the 
entire impedance bandwidth. The figure of merit that considers all these parameters is 
known as realized gain (RG). The realized gain in a certain direction takes into account 
the power reflected by the antenna towards the generator, conduction loss, substrate loss, 
surface wave radiation and radiated power. 

In a microstrip antenna, the realized gain is dominated by the efficiency and the imped- 
ance bandwidth, since the directivity remains almost constant in a broad frequency range 
compared to the impedance bandwidth or efficiency. Typically, a microstrip antenna in its 
simple form has a fractional bandwidth (FB) of 5 %. Higher bandwidth can be achieved 
considering thicker substrates, employing parasitic elements or slot configurations. The 
bandwidth resultant from thick substrates is derived from the natural dependence of the O 
factor with the substrate height, while parasitic elements and slot configurations allow the 
excitation of more than one current mode, which results in multiple resonance frequen- 
cies, increasing the overall bandwidth. 
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11.3 Phased Array Theory 


The antenna array is the most appropriate solution for many applications where high 
directivity is necessary. Besides the directivity, antenna arrays are also used to combine 
radiated fields when each array element is fed by an independent source. This is especially 
interesting to increase communications range and data rates when the available source 
power is low. By properly arranging of the elements of the array and controlling the phase 
excitation of the different elements, the beam can be oriented in a well-established obser- 
vation angle. The mechanism of beam orientation by controlling the relative phase or time 
delay of each element is known as beam scanning and the array is known as phased array. In 
a phased array system, the inter-element distance takes an important role, since it can give 
rise to grating lobes, which in its turn limits the scanning range. Grating lobes are beams 
of equal strong radiation as the main beam but in an unwanted direction, which leads to 
power spread out of the desired observation angle. To avoid grating lobes, the inter-element 
spacing must be less than or equal to 4/2. However, reducing the inter-element spacing 
increases the mutual coupling, which can affect the field distribution of the elements in the 
array and consequently the reflection coefficient and resonance frequency. Furthermore, 
the inter-element distance corresponding to maximum directivity is not the same as the dis- 
tance that optimizes the scanning range. Therefore, a trade-off must be established between 
bandwidth, scanning range, mutual coupling and gain. Nevertheless, phased arrays are 
likely one of the most attractive solutions for THz communications. 

The total radiated field of an array arrangement is obtained by multiplying the radiation 
field of the single element by the array factor (AF) — pattern multiplication rule — as stated 
by (11.9), which is valid under the consideration of equal antenna elements, 


E otai =E xA 
Eii (dB) = 10log;o (E ilia ) + 10loguo (AB inca: ) 


‘element 


(11.9) 


The array factor of both linear and planar arrays is described in the succeeding sections. 


11.3.1 Array Factor of Linear Array 


The array factor of N equally spaced elements, with non-uniform amplitude and progres- 
sive phase shift is given by 


N N 
AF= Y apei- en) = Dauer, (11.10) 


n=1 n=1 
where 
Y =kdcos 0+ P, 


B=—-kdcos®, 


N corresponds to the number of elements, a, is the amplitude of the mth antenna element, 
k is the wave number, dis the inter-element distance and 8, the observation angle. 
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In the case of uniform amplitude excitation, it is possible to show by means of the Euler 
formula that (11.10) can be written in an alternative form as 


E ) 
sin 3 
AF =| — 42 (11.11) 


which in logarithmic corresponds to 
AF (dB) = 101045 (AFinear): 


The maximum of the array factor obtained from (11.10) is given by: 


N 
AF, a = Èn Sat aa +... aa (11.12) 
n=1 


0 „max 


which in the case of uniform amplitude, can be obtained applying the I'Hospital's formula 
in Equation (11.11) as follows: 


0 
Ae... ai AP 
„max do cos(0) 


= N > AF |p max (dB) = 10logo (N) (11.13) 


Also, it is possible to demonstrate that the sidelobe levels can be controlled through a 
proper arrangement of the different components of the source excitation magnitude (refer- 
ring to Equation (11.10)). Moreover, the uniform source excitation is the one that offers 
higher gain; however, it presents the worse level of sidelobes. This typically leads to a 
trade-off when low sidelobe levels (> 13.2 dB) are required. 


11.3.2 Grating Lobes 


In the case of uniform arrays, the maxima of the array factor occur when the denominator 
of Equation (11.11) goes to zero and it can be calculated as follows: 


sin( 5 ¥)=05 : Y = mn 
2 2 

1 

5 (kd 08 (Onax) + B) = Emn 


Onax = acos| 7E (-Bt 2m7) | m= 0,12). (11.14) 


Therefore, the maximum inter-element distance to avoid grating lobes in the domain 
JO : 2ais d = A/2. Also, this equation shows that the grating lobes do not depend on the 
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Figure | 1.7 Normalized polar plot of linear array factor for N = {2,4,8andl6} an observation angle 
0, = 30°. 


number of elements, which means that, independently of the number of elements, if the 
inter-element distance is greater than A /2, grating lobes will exist. Figure 11.7, illustrates 
the normalized AF for different number of elements N = {2,4,8and16} and an observa- 
tion angle 6, = 30, for case (a), considering an inter-element distance of 4/2, which 
shows no grating lobes, and for case (b), considering an inter-element distance of A, which 
shows two different beams with equal intensity. Considering this last case, the radiated 
power will be equally divided between the desired angle and the direction pointed by the 
grating lobe. 


11.3.3 Scan Blindness 


Besides grating lobes, the scan blindness phenomenon is another important limitation in 
phased array antennas with major effect in the refection coefficient. This fact is motivated 
by the presence of surface waves — characterized by poor radiation performance — that 
occur as a function of the scanning angle. These surface waves affect the input impedance 
of the array, and consequently the reflection coefficient. Theoretically, total reflection can 
occur at certain scanning angles which are known as blindness angle. Both planar and 
linear arrays are affected by scan blindness. 


11.3.4 Planar Array 


In addition to arranging elements along a line (to form a linear array), antenna elements 
can be positioned along a rectangular grid to forma rectangular or planar array. The array 
factor of a rectangular array with uniform excitation is given by: 


sii Ci aay 

AF = = = i (11.15) 
sin—Y, sin —Y 
2 a 
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where: 
= kd, cos @ sin @ + B,, 


Y, = kd, cos sin Øo + B,, 


which in logarithmic form corresponds to: 


noe. sin Ay, 
AF(dB) = 10log,, —— +10log,, 
sin—P,, sinz Y, 
2 2 


AF, 


ax = MXN = AF xx (dB) = 10log1o (M) + 10logio (N). 

All the limitations presented in the case of linear arrays, namely grating lobes and scan 
blindness, are also extended to planar arrays and therefore we don’t need to repeat that 
analysis this section. 


11.4 Millimetre Wave Generation and Phase Shifting Techniques 


As mentioned earlier, the conventional electrical approaches for generation of mm-wave 
signals is not feasible due to limited precision, temperature dependence and reduced 
frequency agility. Similarly, designing tunable phase shifters using electrical resonant 
components for a wider bandwidth is also challenging due to unavailability of variable 
capacitor and inductors at sub-THz frequencies. Using MEM switches or switched trans- 
mission line does not provide needed speed and bandwidth. The following section presents 
microwave photonic techniques suitable for generation and processing of mm-wave 
signals in the optical domain. By utilizing the high-frequency optical signal, it is possible 
to achieve a wider bandwidth in the sub-THz region. 


11.4.1 Sub-THz Signal Generation Using Microwave Photonic 
(MWP) Techniques 


Microwave photonics systems were introduced almost two decades ago. Earlier MWP 
systems were designed with the purpose of performing certain functions such as filtering, 
beam forming and analogue to digital conversion. These earlier systems have provided the 
possibility to devise more complex systems. Furthermore, these operations are necessary 
not only for sub-THz but also for RF systems. This section describes earlier photonic- 
based systems along with the current state of art for MWP based communication systems. 
The technical challenges faced by MWP systems are highlighted particularly for the imple- 
mentation of mm-wave systems. 


1 1.4.1.1 Microwave Photonic Systems 


Microwave photonics is an interdisciplinary area that studies the interaction between 
microwave and optical signals. Since the first demonstration of lasers in 1960 by Bell 
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Laboratories, the era of optical communication started. Due to very large instantaneous 
bandwidth and low loss transmission, optical systems attracted huge interest from the 
research community. The development of semiconductor laser has provided the ability 
to directly modulate an RF signal onto the optical carrier. The introduction of optical 
modulator has provided the ability to extend the modulation speeds above 100 GHz. 
The breakthroughs in the field of optical detectors has made it possible to demodulate a 
high-frequency RF signal modulated over an optical carrier. Such optical communication 
systems inspired the use of photonics for microwave signal generation, processing and dis- 
tribution. All optical signal processing is implemented using optical delay lines and filters. 
Phased array antennas may also be implemented using the TTD technique [13, 14]. The 
following section presents a detailed state of art of various MWP systems. 

A low phase noise microwave/mm-wave signal is desirable for many applications such 
as radars and wireless communication. In the sub-THz domain, signals are generated 
using frequency multiplication circuits. For the generation of stable mm-wave signals, 
such techniques are costly and not feasible using integrated circuit technology. Photonics- 
based microwave signal generation relies on heterodyning two laser signals E,(t) and E,(t) 
at optical angular frequencies w, and w,, respectively [15], as shown in Figure 11.8. The 
two optical signals beat in a photodiode (PD). The generated RF signal is at the difference 
frequency of the optical sources: 


Irr = Acos| (o, - œ )+ (2, -2,)] (11.16) 


where A is the amplitude of the RF signal, w, and w, are the optical frequencies and ¢,, 
denotes the optical phase of the signals. 

A simple heterodyning operation, shown in Figure 11.8, cannot generate a stable sub- 
THz signal due to fluctuation of the phase of optical signals. Different techniques are 
employed in order to decrease the jitter of generated mm-wave signal. 


11.4.1.1.1 Optical Phase Lock Loop 


The phase of two optical sources can be locked using an optical phase lock loop (OPLL). 
The idea is similar to an electrical phase locked loop. In the optical domain, two laser 
sources with narrow linewidth are used to create a beat note in the PD. Narrow linewidth 
ensures that the phase fluctuations are only at low frequencies. The generated RF/mm- 
wave signal at the PD is mixed with a reference RF/mm-wave signal. A low-pass loop filter 


Eat) = Escos(ooat + $4) 


E2(t) = E,cos(w2t + $2) 


Figure | 1.8 Heterodyning of two optical signals. 
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Figure 11.10 Schematic of optical injection phase locking (adapted from [9]). 


is used to select the difference signal generated due to phase difference between reference 
and mm-wave signal. An amplifier is often used to amplify this error signal. The error 
signal is fed back to one of the laser sources as shown in Figure 11.9. The cycle repeats 
until the error signal becomes zero. Various implementations of OPLL have been reported 
during the past few years [16-20]. The drawback of this technique is that it requires 
narrow linewidth laser sources. 


11.4.1.1.2 Optical Injection Phase Locking 


In order to further improve the phase coherence of generated RF/mm-wave signal, it was 
proposed that the optical injection locking and phase locking should be combined in a 
single scheme [18]. As shown in Figure 11.10, the optical signal from the master laser is 
equally divided into two signal paths. On one of the optical paths, a modulator is used 
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Figure 11.11 Schematic of RF signal generation using external modulation (adapted from [9]). 


prior to a slave laser. The modulator uses a microwave reference signal to modulate the 
optical carrier. The slave laser is locked to the one of the sidebands of the modulated 
optical carrier. The output of the modulator is injected into the slave laser. The optical 
signals from both optical paths generate a beating signal in the PD. The generated RF 
signal is mixed with the reference microwave signal. A low pass filter is used to filter the 
output of the mixer. The filtered electrical signal is used to achieve phase matching at the 
slave laser. Such a scheme can provide a stable microwave carrier signal with low 
phase noise. 


11.4.1.1.3 Microwave Signal Generation Based on External Modulation 


Instead of using multiple laser sources, a single optical source can be used to generate 
microwave signals. Using a Mach-Zehnder modulator (MZM), an optical carrier is 
modulated with an applied RF/mm-wave signal [21] (Figure 11.11). The DC bias of the 
MZM can be used to suppress odd or even modes by driving the modulator at maximum/ 
minimum transmission point. The optical carrier is filtered out using a notch filter. The 
filter is often implemented using a fibre Bragg grating (FBG). The optical sidebands gen- 
erate a phase coherent RF carrier. This technique does not require a tuneable filter. The 
MZM is sensitive to bias drift and thus can affect the phase noise of the generated RF 
signal. Instead an optical phase modulator (PM) can be used to generate optical sidebands. 
Use of phase modulator limits the tunability of this technique as the PM cannot suppress 
even nor odd modes [22]. 


1 1.4.1.2 Photonics-Based Phase Shifters for Millimetre-Wave Applications 


Optical waveguides/fibres can provide a phase delay based on the applied optical fre- 
quency. This technique is used to provide phase delay to antenna elements and is com- 
monly known as true time delay (TTD). True-time delay phase shifter based on photonic 
technologies has been extensively researched in the past few years and a large number of 
papers have been published [23-49]. The techniques reported in the literature can be 
classified into two categories: true-time delay phase shifter based on free-space optics and 
true-time delay phase shifter based on fibre or guided-wave optics. In [38], a true-time 
delay phase shifter based on free space optics was proposed and experimentally 
demonstrated. Since the system was based on bulky optics, it is massive and bulky. Most 
of the reported systems were based on fibre optics. The realization of tuneable true-time 
delays based on a fibre-optic prism consisting of an array of dispersive delay lines was 
demonstrated in 1993 [25]. To reduce the size of the fibre-optic prism, the dispersive delay 
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Figure 11.12 Schematic TTD based beam forming system (adapted from [9], [54]). 


lines could be replaced by fibre Bragg gratings (FBGs) based delay lines [50]. A FBG prism 
consisting of five channels of FBG delay lines is shown in Figure 11.12 [42]. Here the beam 
pointing direction can be steered by simply tuning the wavelength of the laser source. 
Since the grating spacing in the second delay line is very small, to simplify the fabrication, 
the discrete FBGs can be replaced by a single chirped Bragg grating. In fact, if all the dis- 
crete grating delay lines were replaced by chirped grating delay lines, a true time delay 
beamforming system with continuous beam steering would be feasible [51]. The architec- 
ture shown in Figure 11.12 has the advantage of using a single tuneable laser source, 
which is easy to implement with fast beam steering capability by tuning the wavelength of 
the tuneable laser source. However, the prism consists of many discrete FBGs, which may 
make the system bulky, complicated and unstable. A solution is to use a single chirped 
Bragg grating [33]. Different time delays are achieved by reflecting the wavelengths from 
a tuneable multiwavelength laser source at different locations of the chirped Bragg grating. 
To achieve tuneable time delays, the wavelength spacing should be tuneable. Therefore, a 
multiwavelength laser source with tuneable wavelength spacing is required [52]. To use a 
light source with fixed multi-wavelengths, a chirped Bragg grating is proposed [42]. A tech- 
nique to tune the chirp rate of a chirped FBG without central wavelength shift was 
demonstrated in Ref. [53]. 

In the above section, various techniques for generation and phase shifting of mm- 
wave signals using photonic components were presented. These days optical components 
are implemented in integrated circuit technology. Although MWP-based techniques can 
provide efficient solution towards generation and signal processing of sub-THz signals, 
but due to unavailability of suitable interconnection, the extraction and transportation 
of mm-wave signal is not possible. In Sections 11.5 and 11.6 two different techniques 
for realizing interconnects for mm-wave frequencies are presented. The first technique 
relies on deposition a superficial layer of BCB on InP such that the guiding mechanisms 
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can be realized while avoiding the fabrication challenges of InP. The second technique 
implements waveguiding structure by making use of an inverted bed of nail architecture. 
Both techniques are used to realize passive components in order to provide a proof of con- 
cept. Using a combination of such techniques, it will be possible to realize a MWP based 
mm-wave system. 


11.5 A Millimetre-Wave Antenna Design Based on 
BCB Deposition 


Sub-THz technology differs from conventional RF design techniques due to the fact that 
interconnections such as coaxial cables, SMA connectors and waveguide components are 
either not possible or too costly to implement. Furthermore, the conventional PCB tech- 
nology cannot be used to implement substrate integrated waveguide (SIW) structures due 
to standard lithography limit of 100 um. As discussed earlier, CMOS technologies are 
not suitable for mm-wave applications. For realizing active electronic as well as photonic 
components, II-V compounds such as InP, GaAs and InGaAsP are utilized. InP-based 
technologies are usually preferred due to the availability of laser sources. These fabrica- 
tion platforms provide the flexibility of developing active and passive optical components 
on a single wafer. Yet for InP-based technologies, there exists a severe bottleneck in terms 
of interconnects. InP inherently is a high dielectric constant material with e, = 12. A high 
dielectric constant introduces dispersion for mm-wave signals with large bandwidth. 
Moreover, the basic EM structures such as transmission line and strip line cannot be 
fabricated without using expensive wafer thinning processes due to the large thickness of 
InP wafer. Another fabrication challenge for InP devices comes from the fact that InP has 
an isotropic etching profile, which in turn means that depth and width of a via cannot con- 
trolled efficiently. While it is possible to overcome this issue using laser etching, the cost of 
fabrication increases. The lack of a suitable via-hole implementation makes it impossible 
to realize a rectangular waveguide structure like SIW. The fabrication challenges of InP 
hinders a suitable implementation of on-wafer antenna array. 

Recently, new approaches have been proposed, which consist of stacked layers of 
different substrates. In this approach, the active circuit element (photodiode, ampli- 
fier) is fabricated using the high dielectric constant semiconductor (InP, GaAs), which 
is separated from the antenna using a sacrificial substrate. The antenna layer typically 
consists of benzocyclobutene (BCB) or polyimide with typical dielectric constants of 2.6 
and 3.5, respectively. Using this technique, a radiation (in the plane normal to the radi- 
ating element) can be achieved using a simplified fabrication process. An antenna on a 
7 um-thick BCB substrate operating at 510 GHz was presented in [55, 56], integrated 
with a resonate-tunnelling-diodes (RTD). Additionally, simulation results of a 50 um 
BCB thickness bow-tie antenna operating at 300 GHz was presented in Ref. [57]. It 
was concluded that the antenna performance can be improved by increasing the power 
coupling efficiency between the sources and the antennas. The coupling efficiency can be 
improved by matching the input impedance of antenna to the output impedance of active 
element (which is different from typical 500). 

Recently, microstrip antennas have been applied in the THz frequency range combined 
with state-of-the-art THz sources such as RTDs and (uni-travelling-carrier) UTC-PDs. In 
these emerging technologies, microstrip antennas offer the interesting features of being 
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compact and at the same time allowing the antenna to be designed in low dielectric con- 
stant (£, < 3) substrates, which is isolated from high dielectric constant (€, > 10) substrates 
by means of a ground plane. This approach allows the cancellation of substrate wave 
modes and supports a radiation (in the normal direction to the antenna plane). Many 
configurations have been proposed to enhance microstrip antenna bandwidth, such as 
stacked parasitic layers, employment of coplanar parasitic elements and slot configurations, 
achieving fractional bandwidths (FW) of about 30% [58-63], when normal values reside 
between 5% and 7%. Although a single resonant element could be used with an add- 
itional matching network to extend the bandwidth, the multi-resonance techniques are 
predominantly preferred. The most direct method for efficiency improvement consists of 
increasing the substrate thickness, leading to 60-80% efficiency. 


11.5.1 Design of a Unit Cell 


The antenna element presented in this section corresponds to an extension of the work 
presented in Ref. [64], originally introduced to eliminate the mismatch caused by the 
parasitic coaxial probes instead of resorting to an external matching network. The appli- 
cation of the embedded substrate capacitive feed presented in Ref. [64] to cancel source 
inductance is extended to mm-wave range and at the same time to tune the real part 
of the antenna input impedance in order to achieve complex conjugate matching. This 
antenna finds applications in terahertz technologies where the sources usually have com- 
plex output impedance like uni-travelling carrier photodiodes (UTC-PD) and resonant 
tunnelling diode (RTD). We are especially interested in the frequency range centred around 
300 GHz, but the analysis could be extended beyond this frequency. Stacked microstrip 
antennas have been used extensively in the literature to improve antenna characteristics 
such as bandwidth or to achieve multiband operation by combining radiating modes at 
different wavelengths. However, here the capacitive feed patch (Figure 11.13) is consid- 
erably small compared with the radiating patch (top patch) and therefore it does not 
support any radiating modes being exclusively used as a capacitor to cancel the source 
impedance. 

A single patch antenna (unit-cell) is created using a capacitive feed as shown in 
Figure 11.13(a). The UTC-PD (uni-travelling carrier photodiode) operating at 300 GHz 
generates the signal using a co-planar waveguide (CPW) structure. Using a GSG (ground- 
signal-ground) pad formation, the signal is coupled to the feed patch using a via-hole 
through the dielectric layer of BCB (benzocyclobutene) Layer 1 (Figure 11.14(a)). Due to 
a practical limitation on the BCB etching process, the depth of the via-hole cannot exceed 
4 um, in order to limit the height to width ratio of the via-hole to approximately 1. The 
feed patch is capacitively coupled to the top radiating patch through a second BCB layer. 
The thickness of BCB Layer 2 strongly influences the radiation efficiency of antenna. For a 
radiation efficiency of 50% or higher, the thickness of BCB layer 2 should be greater than 
9um. The layer stack-up of antenna structure is presented in Figure 14(b). 

The antenna structure in Figure 11.14 (a) is simulated using a 3D electromagnetic solver. 
The input impedance of the antenna is set equal to the measured output impedance of 
UTC-PD, that is, Za = 15 —j8 Q. Using the parametric analysis, the height of via-hole was 
varied between 3 and 4 um, and it was observed that although the unit-cell can be designed 
using a via-hole height of 3 um, it will require a very large ground plane, with a side 
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Figure 11.13 Proposed capacitively coupled antenna element over InP substrate. 
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Figure | 1.14 (a) Structure of unit-cell and (b) Layer stack-up of unit-cell. 


dimension of approximately 800 um. For an efficient array implementation, the size of the 
ground plane must be close to half of the free space wavelength at 300 GHz, that is, 500 
um. Therefore, a 4 um height via-hole is chosen due to its suitability for the realization of 
antenna array. It is worth noting that the performance of the unit-cell can be enhanced by 
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Figure 11.15 (a) Gain and (b) Reflection coefficient, of unit-cell for small and large ground plane sizes. 


slightly increasing the dimensions of the ground plane to 600 um x 600 um, although with 


a slight degradation in the array performance, as will be shown next. 


For the current design, we analysed the unit-cell using two different ground plane 
sizes: (1) small ground plane of size 500 um x 500 um and (2) large ground plane of 
size 600 um x 600 um. The simulated results of two antenna structures are presented in 
Figure 11.15. It can be observed that the large ground plane provides better matching 
and higher gain as compared to the small ground plane. The radiation efficiency for both 


structures is slightly greater than 50%. 
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11.5.2 Design of the One-Dimensional Antenna Array 


A one dimensional 1 x 4 array is formed using the aforementioned unit-cell. The radi- 
ating elements are placed at half the free space wavelength apart from each other, i.e., 


d= h = 500 um. The layout of the array structure is presented in Figure 11.16. The 


antenna array is simulated for two different sizes of the ground plane, that is, large ground 
plane (600 um x 600 um) and small ground plane (500 um x 500 um) as described in 
the preceding section. The main beam of the array is steered from —30° to +30° in the 
+z-direction. The two dimensional and three dimensional gain patterns of the simulated 
antenna array are presented in Figures 11.17 and 11.18, respectively. 

From the presented results of Figures 11.17 and 11.18, it can be observed that the one- 
dimensional 1 x 4 array with a large ground plane provides a gain of 9.52 dBi but the 
side lobe level (SLL), analysed at the extreme steering angles (worst case), that is, -30° and 
+30°, reaches approximately —10 dB (at 30° offset), -12 dB (at 60° offset) and -11.5 dB at 
100° offset from the main beam. On the other hand, using a small ground plane reduces 
the gain by ~1 dB (to approximately 8.13 dBi), yet the SLL level for extreme steering 
angles, that is, -30° and +30°, is approximately —10.5 dB (at 40° offset), -14 dB (at 70° 
offset) and reaching —20 dB at 110° offset from the main beam. Therefore, the antenna 
with small ground plane provides a better SLL performance throughout all the radiation 
pattern angles. 


11.5.3 Design of Two-Dimensional Array 


A two-dimensional array can be constructed using a similar layout of that in Figure 11.16. 
In the most simplified manner, a two-dimensional arrays consist of multiple images of a 
one-dimensional array, yet due to a MWP implementation the antenna structures are not 
symmetric along both planar dimensions. The added biasing structure needed for a het- 
erodyne generation of sub-THz signal creates asymmetry along one of the planar 
dimensions. Nevertheless, a two-dimensional array implementation is possible provided 
that unequal side lobe levels across any planar dimension is acceptable for the desired 
application. 


Figure 11.16 |x4 antenna array structure. 
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Figure 11.17 (a) 2-D gain pattern of |x4 array with small ground plane (b) 3-D gain pattern of 1x4 array 
with small ground plane. 


11.5.4 Biasing Structure 


Using a MWP-based mm-wave generation technique requires effective DC biasing of 
optical components such as modulators and PDs. In the aforementioned design example, 
the UTC-PD needs to be DC biased while effectively not disturbing the conjugate matching 
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Figure 11.18 (a) 2-D gain pattern of |x4 array with large ground plane; (b) 3-D gain pattern of 1x4 array 


with large ground plane. 


of antenna. From conventional RF design, we know that such functionality can be achieved 
by using a bias-tee. The schematic representation of an RF bias-tee is shown in Figure 11.19. 

For sub-THz implementation, a wirebond can be used to connect the PD to a DC power 
supply. In the simplest small signal model, the wirebond presents a series inductance whose 
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Figure 11.19 Schematic representation of an RF bias-tee. 


value is dependent on the length. For a gold wire of diameter 25 um, the minimum achiev- 
able length is 0.5 mm, which presents approximately an inductance of 0.5 nH. This 
wirebond inductance is sufficient to provide the necessary RF blocking (@300 GHz). The 
implementation of a series capacitor is a design challenge and can be implemented using 
an interdigitated planar capacitor design. For this particular antenna structure, as the 
antenna is an open circuit at DC, the series capacitor is not needed. In order to isolate the 
DC bias from the ground plane, an epitaxial layer of Silicon-Oxy-Nitride must be 
deposited. This bias structure is shown in Figure 11.20(a). Instead of three ports, this bias- 
tee has two ports only, since the antenna is connected directly to the UTC-PD. The radial 
stubs are used to provide a perfect ground for any leaking mm-wave signal from the UTC- 
PD. The choice of radial stubs is motivated by the fact that they are shorter in length thus 
can be compactified. Such a structure can be used to realize a reasonable DC bias with 
suitable isolation. 

Using aforementioned, design techniques, a 1x4 antenna array is realized. Each array 
element is fed by a UTC-PD, which as an optical input (as shown in Figure 11.20(b)). The 
delay at each element is introduced in the optical domain. The heterodyning of optical 
signals generates the phase-delayed mm-wave signal. The presented array can support a 
bandwidth of 10 GHz with a maximum gain of 8 dB (after considering all losses). The 
realization of capacitively coupled antenna array demonstrates the possibility of realizing 
passive microwave components on InP. 

Although the design technique using a sacrificial deposition of BCB layer is feasible 
using current fabrication techniques, yet it requires a three-dimensional transition instead 
of a planar transition. The via size is large and for a structure with multiple vias, this 
technique may not feasible. Instead, there is a need for waveguiding technique, which can 
be implemented on InP wafer without requiring the deposition of other dielectrics. The 
deposition of dielectric material with a different k presents challenges in creating adhe- 
sion among different layers. In the following section, a novel waveguiding technique is 
presented for InP substrates. 


11.6 Via-Less Planar Interconnect for Integrated Circuits on InP 


The choice of a semiconductor material for mm-wave devices is limited to GaAs and InP. 
Due to diverse properties of InP in electronics as well as in the optical domain, it is com- 
monly used for the fabrication of active devices such as amplifiers, photodiodes and lasers, 
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Figure | 1.20 (a) Realized biasing structure for UTC-PD; (b) Complete layout of | x4 antenna array. 


among others. On the other hand, the fabrication of guiding structures such as microstrips, 
co-planar waveguides (CPWs) and rectangular waveguides is quite challenging on InP due 
to its isotropic etching profile [65-68]. The isotropic response of InP to most etchants 
results in vias having a diameter equal to the depth, which is not desirable for guiding 
structures. Moreover, the typical thickness of InP substrates is in the order of 125 um, 
which is not suitable for microstrip structures for G-band frequencies (220-320 GHz). 
A CPW structure without a ground plane can be realized on InP, albeit the air-dielectric 
boundary not only introduces losses but also dispersion (due to the higher dielectric con- 
stant of InP) limiting high-data rate communications. Grounded-CPW (GCPW) is often 
implemented using either inefficient thinning and etching of through-via holes (wet or 
plasma etching [69, 70]) or by using a lossy hybrid platform. Also rectangular waveguides 
are designed using substrate integrated waveguide structure, but since these technologies 
are not tailored to integrated circuits, provision of through via-holes remains a bottleneck 
in InP substrates. Thus, there is a need for a via-less guiding structure which can support 
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rectangular waveguide as well as microstrip modes while keeping the performance com- 
parable to or better than through-via structures. 

Via-less waveguides were first introduced by Prof. Per Simon Kildal using a bed of 
nails architecture [72-75]. A typical bed of nails is presented in Figure 11.21. Two non- 
contacting metal layers with or without dielectric are used to construct a two-conductor 
system. On one metal layer, periodic rows of pins are introduced. The size and period of 
pins determine the frequency of operation. The distance between the pins and the top 
metal plate should always be less than A/4. The wavelength A is the maximum operating 
wavelength. Kildal has shown that by carefully dimensioning the pins, it is possible to 
create a perfect boundary condition such that no electromagnetic wave can travel in the 
gap (between pins and top metal). Using this property of the bed of nails architecture, 
waveguides can be designed such that top and bottom plates are similar to rectangular 
waveguides while side walls are presented by a bed of nails. A single bed of nails row is 
not sufficient for blocking the EM fields, thus multiple rows (2-3) are used to construct 
a perfect metal boundary [76]. Various microwave components such as filters, antennas, 
couplers and cavities are designed using this technology. So far, the designed components 
are operating below 100 GHz. In the following section via-less waveguides are presented 
suitable for III-V technologies especially InP for frequency ranges approaching 320 GHz. 


11.6.1 Via-Less Planar Technology for InP 


Inspired in the bed of nail architecture, via-less waveguides on InP can be created by 
simply inverting the structure of Figure 11.21 [77]. As the fabrication process starts using 
a bottom-up approach, the bed of nails can be created using a common etchant, provided 
that the aspect ratio of pins (area/depth) is on the order of 2-3. This ensures that the size 
of pins can be controlled while maintaining the isotropic etching profile. After etching, the 
metal can be deposited using any deposition process such as vapour deposition or plasma- 
assisted deposition. The thinning of substrate is usually the last step and back metal can 
be deposited at the end of the process. This can overcome the conventional challenges of 
InP fabrication and can provide a planar guiding structure. Via-less waveguides are of 
two kinds: (i) gap waveguide and (ii) ridge waveguide. Gap waveguide is similar to con- 
ventional rectangular waveguide. Slots/gaps of size similar to rectangular waveguides are 
provided among rows of pins to support waveguide modes. The cutoff frequency of such 
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waveguides is similar to conventional metallic waveguides. Ridge waveguides are similar 
to microstrip. A metal ridge is used to guide the wave along the structure. 


11.6.2 Microstrip to Rectangular Waveguide Transition 


In order to prove the feasibility of the proposed via-less technology, a transition from 
microstrip to reduced height rectangular waveguide is designed. From microwave theory, 
it is known that a typical thickness (125 um) of InP substrate cannot support a microstrip 
structure as the thickness is much larger than 10% of the wavelength (A = 0.25-0.3 mm in 
G-band). For this reason, the thickness h (Figure 11.22(a)) of InP substrate should be 
reduced to 50 um using thinning as the last fabrication step. Using the rectangular wave- 
guide alike structure of Figure 11.22(a), the bed of nails is optimized such that it will 
support only single mode (TE,9) propagation. The bed of nails is implemented using square 
shaped pins with g = 7 um (Figure 11.22(a)). The depth d, of each pin is optimized such 
that the aspect ratio (AR = d,/g) is less than or equal than 3. It is worth noting that a 
smaller aspect ratio simplifies the fabrication process by minimizing the etching and metal 
deposition time. For rectangular waveguide-like propagation, three rows of pins are used 
to construct the side walls of a rectangular waveguide. The wider dimension k of the rect- 
angular waveguide is equal to a conventional dielectric filled WR-3 waveguide. The period 
(pı = 40 um) is constant along the transversal and longitudinal directions. 
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Figure 11.22 (a) Modified bed of nails architecture for gap-waveguide with reduced height; (b) Ridge-based 
transition in bed of nails. 
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Table | 1.1 Dimensions of designed microstrip transition 


Dimension Value (um) 
Substrate thickness (h) 50 
Microstrip width (b) 50 

Size of pin 7x7x21 
Width of waveguide (k) 210 
Period of pins (p),p2) 15,40 
Width of ridge (w) 210 


After optimizing the bed of nails structure, a transition from microstrip to the gap- 
waveguides is constructed. From a microstrip architecture (with b = 45 um), a transition 
is created using two metal ridges with depth d,, = 15 um and dp = 35 um, respectively, as 
shown in Figure 11.22(b). The width w of each ridge is restricted to 15 um. The pins are 
of the same dimension as used for the aforementioned gap-waveguide structure. By opti- 
mizing the periodicity of pins (p) = 15 um), a transition from microstrip to rectangular 
waveguide is designed. The length of the transition section is 100 um where each metal 
ridge is 50 um long. The dimensions of rectangular wave-guide transition can be found in 
Table 11.1. 

After optimizing the ridge and gap-waveguide structures, the complete structure of 
Figure 11.23(a), where the input is microstrip and the output is a gap-waveguide, is simulated. 
The obtained S-parameters are presented in Figure 11.23(b). It can be observed that such a 
transition can provide a return loss of —18 dB over a bandwidth of 30 GHz (240-270 GHz) 
with an insertion loss of 0.15 dB. The size and shape of the pins remain constant across the 
structure. The periodicity of pins is only varied along the structure for designing the transi- 
tion and gap-waveguide. The metal ridges and pins do not need to be completely filled with 
metal, rather as long as the cavity walls (created using etching) are metallized, the proposed 
inverted bed of nails structure can provide the required guiding properties. 

The advantages of the proposed guiding structure are two-fold. On one hand, as the 
metal pins do not need to contact the bottom plate, it eases the etching and metal depos- 
ition process. On the other hand, as the bed of nails is deposited using the top metal layer, 
the InP substrate can be processed prior to thinning. Once the BEOL (back-end of line) 
process is completed, the substrate thinning can be performed. This provides further ease 
in handling of InP substrates. The bottom metal layer can be deposited as the last metal 
deposition step. Also, it can be avoided by placing the InP substrate in a metallic container 
which is conventionally done for mitigating electromagnetic interference (EMI). 


11.7 Conclusions 


In this chapter, the mm-wave signal generation and processing using microwave photonics 
is discussed. It was shown that it is possible to realize different functions such as gener- 
ation, filtering, phase shifting and detection of sub-THz signals using optical devices. It 
was also highlighted that although the optical and electrical components have been 
developed using III-V compounds, yet the lack of suitable interconnections hinders the 
realization of a complete mm-wave system. The lack of suitable waveguiding technique at 
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Figure 11.23 (a) Proposed microstrip to rectangular waveguide transition; (b) Reflection and transmission 
coefficients of transition [77]. 


sub-THz frequencies results in the unavailability of necessary passive components such as 
antennas, waveguides and connectors. The problem of interconnections in III-V, especially 
InP, can be solved using two different approaches. The first technique relies on depositing 
an additional dielectric layer (BCB in this case). Instead of guiding the THz signal on InP, 
the newly deposited material is used for guiding the mm-wave signal. The newly formed 
dielectric layer can be used to fabricate passive components such as antennas. This tech- 
nique is limited due to added fabrication steps and the need for three-dimensional 
transitions for realizing any passive component. The second technique relies on realizing 
an inverted bed of nails architecture. This technique is planar and does not require through 
via-holes. The drawback of this technique is that the InP substrate needs an additional 
thinning step such that it can support conventional transmission line modes. In conclu- 
sion, the challenges faced by opto-electronic systems operating in the sub-THz region can 
be solved using innovative fabrication and design techniques, thereby realizing a complete 
mm-wave system with superior performance than their sole electronic counterparts. 
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More than 14 years passed between the launch of the first ever satellite, Sputnik 1, and 
demonstration of the first intersatellite communications link (ISL) in January 1975 by the 
radio amateurs within AMSAT. AMSAT/OSCAR-7 sent a signal to AMSAT/OSCAR-6 at 
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a frequency of 432.15 MHz and these were repeated back to Earth at 145.95 and 29.50 
MHz, respectively. The National Aeronautics and Space Administration established an 
ISL in the April of the same year between the low-Earth orbit (LEO) satellite GEOS-3 and 
ATS-6. Although the possible use of optical beams for ISL was first mentioned in 1945 by 
Arthur C. Clarke [1], due to the unavailability of necessary components, the first optical 
ISL could only be established in November 2001 between ARTEMIS of the European 
Space Agency and French SPOT-4 [2]. 

There are many criteria that need to be considered when designing an ISL system. For 
a microwave system, the main performance criterion, data rate, is directly proportional to 
the available bandwidth; thus, higher frequency bands are preferred over the lower ones. 
Higher frequency also translates to lower antenna diameters since effective aperture area 
of an antenna is directly proportional to the square of the wavelength of the transmitted 
wave. Smaller antennas are advantageous in terms of weight and cost too. Atmospheric 
attenuation is also considered during the ISL design: Frequency bands with high atmos- 
pheric attenuation are preferable since it helps ISL to be isolated from any possible inter- 
ference from the Earth. Iridium and teledesic systems are two LEO constellations that are 
employed in microwave ISLs. 

Optical ISL systems necessitate different selection criteria compared to legacy micro- 
wave technologies. The selection of laser source depends on many parameters including 
output power, operating temperature, and lifetime. On the receiver (RX) side, direct or 
heterodyne detection can be chosen. Acquisition and tracking are part of the design issue 
considering the very narrow beamwidths over very long distances. Due to the advantages 
in size, power requirement, and data rate compared to the microwave ISL systems, optical 
technologies are currently the choice and many laser communication terminals are cur- 
rently used in satellites including NFIRE and TerraSAR-X. 

Due to the fact that components required for possible ISLs in the THz band (0.3-1 THz) 
were not available at the time when the performance of microwave technologies became 
insufficient and optical components started to provide necessary performance to realize 
ISLs, research was focused optical links completely by-passing the THz band. On account 
of the advancements in THz technologies since the beginning of 1980s, it is now possible 
to manufacture transceivers (TRXs) working at the frequency range of 2-3 THz. This 
means that it is now possible to overcome many shortcomings of the microwave systems 
compared to the optical systems, and competitive ISL systems that use electromagnetic 
(EM) radiation can be assembled. 

In line with these, in this chapter first a review on the development of ISL technologies, 
namely microwave and optical solutions, is presented. State-of-the-art technologies are 
then compared in terms of their suitability for ISL adoption using many criteria including 
size, power consumption, and data rate. Then, keeping in mind that THz band is left out 
of discussion for ISL without even really being considered, a THz band ISL system is 
proposed in light of the developments that occurred in the area during the last decade, by 
also considering the “NR above 52.6 GHz” and “non-terrestrial networks” study items 
of the future Release 17 of the 3rd Generation Partnership Project (3GPP). Subsequently, 
link budgets for a typical usage scenario are calculated, helping to explain the propaga- 
tion mechanisms. The chapter concludes by setting the directions for future research and 
challenges they may face. 
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12.2 Intersatellite Communications Links 


Satellites can be classified into three categories based on the orbit altitude: geostationary 
Earth orbit (GEO) satellites operating at 35,786 km, medium Earth orbit (MEO) satellites 
operating at the orbits between 2,000 and 35,786 km, and LEO satellites with the orbit 
altitude varying between 400 and 2000 km. GEO satellites have been widely used for 
satellite communications since they can provide wide coverage and consequently min- 
imal handoff. On the other hand, GEO satellites have the longest propagation latency 
compared to LEO and MEO; thus, they are not suitable for applications requiring low 
delay. Recent trends show that there is an increasing interest in LEO constellations, which 
can provide high throughput, lower latency, and launching cost. Multiple companies 
such as SpaceX, OneWeb, and Amazon are currently working on or planning construc- 
tion of LEO satellite constellations for broadband Internet connectivity, or scientific or 
military purposes. SpaceX aims to deploy thousands of small LEO satellites to build the 
Starlink. Due to lower altitude, much more LEO satellites are required for global coverage 
compared to GEO. Several disadvantages arise from deploying high number of satellites 
including larger Doppler spread and transmission loss due to frequent handoff [3]. MEO 
satellite constellation, which is exemplified by O3b, also is appealing owing to its unique 
characteristics in terms of constellation size and latency. Satellite miniaturization is another 
aspect of the “new space era” [4]. In contrast to costly traditional GEO, MEO and LEO 
satellites, low-cost cube-, micro-, and nano-satellites with short deployment cycles have 
also emerged [5]. These satellites can pave the way for new paradigms including Internet 
of Space Things (IoST). 

Existing missions use X- (8-12 GHz), K,- (12-18 GHz) and K,-bands (27-40 GHz). 
Currently V- (40-75 GHz) and W-bands (75-110 GHz) are being considered for high 
throughput satellite links; however, it is apparent that increasing demand for the spectrum 
usage requires the employment of even higher bands of the spectrum. Thus, a paradigm 
shift is needed for the next-generation space services. 


12.3 Terahertz Band Communications 


Different application areas of THz communication have been examined in various studies. 
The application areas covered include Internet of Nano-Things (IoNT) [6], Internet of 
Things (IoT) [7,8], vehicular networks [9], nanocommunication and nanonetworking 
[10], THz communication networks [11-28] and space-based THz systems [29]. In [6], a 
reference architecture for IoNT paradigm and communication challenges for THz 
nanonetworks are discussed. Early examinations on and the opportunities and challenges 
of the utilization of the THz band for IoT usage models are illustrated in [7,8]. Research 
challenges in THz communication and the opportunities that THz band can offer for 
vehicular networks operating in beyond the fifth generation (5G) of mobile telecommuni- 
cation systems are discussed in [9]. THz band nanocommunication and nanonetworking 
are detailed in [10] by identifying applications of THz nanonetworks, challenges, and 
reviewing different aspects including channel models and experimentation tools. The 
novel applications of THz communications and challenges are surveyed in [11,12]. In 
[13,14], overviews for device technologies and channel models for THz communication 
are given together with technical issues that need to be addressed. In [15], an overview of 
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Figure 12.1 Classification of THz links. 


device and antenna technologies is given, and standardization activities are discussed. 
Standardization activities are also discussed in [16] along with novel applications for THz 
communication and research challenges. In addition to opportunities for vehicular 
networks, a number of opportunities through THz wireless communication including 
hybrid-optical communication links, THz-based data centers with superior performance, 
and deployment of femtocells for mobile heterogeneous networks are detailed in [17-19]. 
An in-depth survey of THz medium access protocols is presented in [20]. Summaries of 
THz-enabled wireless systems, scenarios, applications, and challenges for the deployment 
of beyond 5G mobile systems are presented in [21,22]. The state-of-the-art in THz signal 
generation and channel modeling is presented in [24,25], as well as a comparison with the 
other wireless technologies, THz standardization activities, and possible applications of 
THz communications. Various modulation schemes are analyzed for THz band communi- 
cation over systems simulating real-world devices, and optimum modulation and physical 
layer (PHY) parameters in terms of energy consumption are published in [26,27]. Key 
enabling technologies for THz communication and application scenarios are discussed in 
[28]. The current state in THz communications concerning THz channel, devices, and 
space-based systems from the perspective of device technology is summarized in [29]. 
However, very few studies covering the THz band ISLs are available in the literature. In 
[5], the authors propose a new CubeSat design with multi-band radios and briefly study 
link budget for LEO constellation of CubeSats. In [30], the feasibility of THz band for 
intersatellite communications is studied. In [31], the authors examine the viability of using 
0.75-10 THz among ISLs. 

THz band communication links, as illustrated in Figure 12.1, can be classified into two 
categories: terrestrial and non-terrestrial links. Terrestrial links comprise macroscale and 
nanoscale links. Non-terrestrial links are further classified into ISLs, deep space links, and 
satellite/airborne platform links, that is, high-altitude and low-altitude platforms (HAPs 
and LAPs) such as aircraft, unmanned aerial vehicles (UAVs), and high-altitude balloons 
(HABs). In the following sections, we compare THz band communications with the other 
state-of-the-art technologies and identify further benefits of using THz band for ISLs. 


12.3.1 Comparison with Other Technologies 


THz communication has several key advantages over millimeter wave (mmWave) and 
free-space optical communication (FSO), which are summarized in Table 12.1. 
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Table 12.1 Comparison of Different Technologies [20,25] 


Parameter mmWave Terahertz FSO 
Frequency range 30-300 GHz 0.3-10 THz 0.01-30 PHz 
Data rate (Gbps) <10? €[102, 103) €[102, 103) 
Transmission range Short Short Short 
Power consumption Medium Low High 
Weather conditions Robust Robust Sensitive 
Security Medium High High 

System size Large Small Bulky 


12.3.1.1 Millimeter Wave Band Communication 


Millimeter-wave band covers the frequencies from 30 to 300 GHz. The mm Wave wireless 
communication can offer multi gigabit-per-second (Gbps) data rates and enable many 
applications including vehicular and short-range wireless communications and high- 
quality data streaming. Due to strong molecular absorption at frequencies around 60, 
120, and 180 GHz, several special bands are chosen for utilization, namely 35, 94, 140 
and 220 GHz, where the attenuation is relatively small [32,33]. However, mmWave band 
communication cannot provide data rates as high as THz band communication, which can 
offer data rates on the orders of terabit-per-second (Tbps) owing to the extremely large 
bandwidth available. 

THz communication has other advantages over mmWave communication apart from 
its higher bandwidth. Another advantage is THz links are inherently more directional 
compared to mmWave links because THz waves experience less free-space diffraction 
due to their shorter wavelengths [34,35]. For space applications, especially for autono- 
mous missions, security is essential. High directionality also provides more secure com- 
munication compared to mmWave communication since it is harder to detect THz beams. 
This significantly reduces the possibility of eavesdropping. Finally, THz frequency band is 
still largely not regulated whereas 275-300 GHz is allocated for mobile communications 
[36,37]. 


12.3.1.2 Free-Space Optical Communication 


Free-space optical (FSO) communication systems operate at infrared (10-430 THz), vis- 
ible light (430-790 THz), and ultraviolet (0.79-30 PHz) spectral ranges. Considering the 
well-known fact that information capacity increases with the bandwidth, FSO can enable 
high-capacity links via high bandwidths. To illustrate, allowable bandwidth is on the order 
of hundreds of THz in a typical optical communication link [38]. Moreover, highly dir- 
ectional and narrow beams reduce the probability of eavesdropping; thus, they provide 
highly secure communication. Although FSO can provide high bandwidth and secure links, 
it has many disadvantages too. FSO links heavily depend on the atmospheric conditions 
such as fog, pollution, dust, rain, and snow. Variations of temperature and pressure of 
the atmosphere, that is, atmospheric turbulence, also impacts the propagation of optical 
waves. In optical communication, very narrow beams are used. As the communication 
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distance increases, beam alignment issue becomes critical to maintain reliable commu- 
nication between the transmitter (TX) and RX. Since THz waves are longer than optical 
wavelengths, THz communication is advantageous over FSO in terms of tolerance for 
beam alignment. Moreover, THz communication is also favorable in terms of power and 
weight requirements, which are inherently large for laser-based systems [39]. Furthermore, 
relative position of the Sun to the laser TX and RX can degrade the system performance 
by increasing the solar background radiation. In case of superior solar conjunction, which 
occurs when the Sun, Earth, and planet considered are aligned, optical communication is 
not possible. Lastly, due to the safety limits for eye, at certain wavelengths laser power 
level is limited to relatively low values, which limits the transmission range and data rates. 


12.3.2 Terahertz Band Intersatellite Links 


THz band communication is beneficial in space compared to existing radio frequency 
technologies in terms of data rate, size, interference, and security. Higher data rates on 
the order of hundreds of Gbps is achievable owing to the available ultra-wide bandwidth. 
The space applications are expected to have low-complexity designs because of the size 
restrictions. At the THz frequencies, antenna size is significantly small. Moreover, using 
simple modulation and coding schemes in THz communication, complexity can be further 
reduced, and high data rates can be supported for satellites and spacecrafts. THz band 
antennas inherently have high directivity; hence, the interference between the satellites 
is relatively small. Very narrow THz beams reduce the probability of eavesdropping too. 

THz band communications can pave the way for new opportunities in space by enab- 
ling huge bandwidths. In terrestrial networks, electromagnetic (EM) waves at the frequen- 
cies above 300 GHz experience high gaseous attenuations due to the molecular absorption 
loss caused mainly by the water vapor, oxygen-, and pressure-induced nitrogen found in 
the atmosphere. Conversely, the effect of molecular absorption in the space and higher 
layers of the Earth’s atmosphere is absent due to the lack of these absorbing molecules. So, 
THz band communication can potentially be employed in the links among LEO, MEO, 
GEO, and high Earth orbit (HEO) satellites. 


12.4 Link Budget Analysis 


Investigating the link performance is critical to understand the feasibility of THz links. 
In this respect, research efforts focused on the link budget analysis of ground-to-satellite 
and intersatellite links. In [40], a ground-to-geostationary satellite link has been modeled. 
The authors report that based on their analyses, THz systems are superior to the optical 
communication when fog, cloud cover or, clear-air turbulence exists. In [41], link budgets 
of both intersatellite (GEO-to-LEO) and GEO satellite-to-Earth station systems have been 
considered. The results suggest that due to the absence of water vapor, high carrier fre- 
quencies (f.) above 300 GHz can be employed in ISLs. In [42], the authors propose a THz 
satellite communication system with massive antenna array to be located at Tanggula, 
Tibet, where the precipitable water density is low. The link budget analysis in this study 
shows that 1 Tbps can be achieved in the low-THz band (0.275-0.37 THz). In [5], another 
link budget analysis for CubeSats, which are 10 cm? miniaturized satellites with a mass of 
up to 1.33 kg, that operate ISLs at mmWave and THz bands was also simulated. 
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In this section, we first consider the propagation of THz waves in ISLs and then conduct 
link budget analyses for GEO-to-GEO and LEO CubeSat ISLs to examine the feasibility 
of THz ISLs. 


12.4.1 Terahertz Propagation in Space 


The propagation of THz EM waves in ISLs suffers from several types of attenuation and 
noise sources, which are described in this section. 


12.4.1.1 Loss in Terahertz Frequencies 


The propagation of THz waves can be described by the familiar Friis’ transmission 
equation as follows [43]: 


P. [dB] = Py [dB] + G [dB] + G, [4B] - A.» [dB] (12.1) 
where Pix Pas Gao G and A 
antenna gain, RX antenna gain, and total path loss, respectively. 

Spreading loss Aspreaal/), molecular absorption loss A,,,(f), and scattering loss A,.,(/) 


are the three main contributors to the total path loss A,,,(f) in THz frequencies [44,45]. 
Therefore, the total path loss in dB is given by 


are the received signal power, transmitted signal power, TX 


tot 


Avot (f) [4B] = Aprea (fF) [4B] + As (f) [4B] + Acca (f) [4B] (12.2) 


Spreading loss describes the attenuation caused by the expansion of the wave through the 
propagation medium. It can be expressed, in dB, as 


Aprea (f) [dB] = 20 log (4 afd / c) (12.3) 


where c is the speed of light and d is the distance in m. Considering that the GEO-to-GEO 
and GEO-to-LEO link distances are on the orders of 10* km, the spreading loss is sub- 
stantial [46]. 

Molecular absorption loss occurs when a part of the wave energy is transformed into the 
internal energy of molecules in the propagation environment by molecular vibration. Water 
vapor molecules are the main sources of molecular absorption in the Earth’s atmosphere. 
Above 300 GHz molecular absorption is highly strong, such that the band above 300 GHz 
is not feasible for use in terrestrial systems. On the other hand, most of the satellites occupy 
the two outermost layers of Earth’s atmosphere, that is, the thermosphere and exosphere. 
LEO satellites inhabit the thermosphere, MEO and HEO satellites operate at the exosphere, 
and GEO satellites revolve at an altitude of 35,786 km, where the atmosphere does not 
exist. Water vapor density is very low in the thermosphere and exosphere too. Therefore, 
the molecular absorption loss is negligible regarding the propagation of EM waves within 
ISLs. This means that higher frequencies that are not feasible for use in terrestrial networks 
can be employed in ISLs, which paves the way for the opportunity of performing commu- 
nication in ISLs at extremely high data rates thru the available huge bandwidths. 
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Scattering loss occurs when the propagating EM wave is redirected into one or several 
paths away from the intended path, hence decreasing the received signal energy. Depending 
on the diameter of the atmospheric scattering particles, examples for which are gases, 
aerosols, hydrosols, and hydrometeors such as haze, cloud, fog, rain, snow and hail, THz 
waves can be affected by three types of scattering: Rayleigh, Mie, and, wavelength inde- 
pendent. Rayleigh scattering occurs when the wavelength of the EM wave is much longer 
than the diameter of the scattering particles and due to polar molecules of atmospheric 
gases. Mie scattering is generated if the sizes of the scattering particles are comparable to 
the wavelength of the EM wave. Otherwise, wavelength independent scattering, which is 
modeled by diffraction theory, is produced [38]. The amount of signal strength loss on 
account of Rayleigh scattering is insignificant in the THz band [47]. Regarding ISLs, we 
consider the layers of the Earth’s atmosphere where the air molecule density is very low, 
namely the thermosphere and exosphere. Therefore, the effect of scattering due to atmos- 
pheric particles can be neglected for ISLs. 


12.4.1.2 System Noise 


The system noise power at the RX terminals is contributed by the antenna and RX noises 
[48]. Antenna noise depends on the frequency and direction where the antenna is pointed. 
For instance, if the antenna is aimed to the sky, antenna temperature is mainly contributed 
by the sky noise, also termed as the background noise, and extraterrestrial noise called 
the cosmic microwave background radiation, which is bounded by 2.725 K [49]. The sky 
noise is contributed by the temperature of the atmosphere, which acts as an absorbing 
medium [50]. Furthermore, RX noise temperature, which is caused by thermal noise in the 
RX components, contributes to the overall system temperature. Thus, system noise power 
at the RX terminals is given by 


P, = kT,„B (12.4) 
where k is Boltzmann’s constant (1.38 x 10% J/K), Tys is the effective system noise tem- 
perature, and B is the bandwidth. The effective system noise temperature at the RX 
terminals can be expressed as 


(.=T.4T (12.5) 


sys ant rec 


where T,» is the antenna temperature and T, is the temperature at the RX. 


12.4.2 Geostationary Earth Orbit-to-Geostationary Earth Orbit Links 


In this section, the link budget analysis of a typical GEO-to-GEO ISL at the THz band is 
examined. The distance between GEO satellites is taken to be 83,043 km [46]. Moreover, 
the effect of the Sun is assumed to be absent. As described in [40], the spectrum is separated 
into six bands from which we consider only the center frequencies (fu) of the bands B 


(186-327 GHz), C (327-555 GHz) and D (567-747 GHz). We set the link budget to ensure 
a signal-to-noise ratio (SNR) of 10 dB at the RX. SNR can be expressed in dB as follows: 


(SNR) [dB] = (P, + Gy + Gy — Aw) - P.. (12.6) 


n 
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Table 12.2 GEO-to-GEO Communications Link Case for an SNR of 10 dB 


Band B Band C Band D 
fien (GHz) 225 350 675 
P. (dBm) -59.1 -58.3 -58.3 
Tree (°K) 3000 3600 3600 
Tane (°K) 0.6 0.6 0.7 
B (GHz) 3 3 3 
P, (dBm) -69.1 -68.3 -68.3 


Table 12.2 shows the necessary received power for an SNR of 10 dB at different frequency 
Table 12.3 GEO-to-GEO Communications Link Budget for an SNR of 10 dB 


Band B Band C Band D 
fien (GHz) 225 350 675 
P (dBm) 10 10 0 
G, (dBi) 88 92 95 
G,,. (dBi) 80.8 81.5 94.2 
Ao (dB) 237.9 241.7 247.4 


bands, whereas Table 12.3 presents the corresponding link budget to obtain such a received 
power. The results suggest that high gain transmit and receive antennas are required for 
GEO-to-GEO links. Moreover, the gains of the transmit and receive antennas need to 
increase with the rising f.. Finally, due to the absence of molecular absorption, path loss is 
the main impairment regarding the EM wave propagation. 


12.4.3 Low-Earth Orbit CubeSat Links 


In this section, we conduct a link budget analysis for ISLs between LEO CubeSats oper- 
ating at THz frequencies. In [5], the authors propose a CubeSat design with reconfigur- 
able multi-band radios covering mmWave, THz, and optical frequencies. In line with this 
study, we consider the analysis of THz ISLs at the frequencies 0.35, 0.675, and 1 THz. The 
bandwidth, temperature, and transmit power are taken to be 0.5 GHz, 1500 K and 10 W, 
respectively [5]. The simulation results shown in Figure 12.2 illustrate the minimum gains 
required at the TX and RX, and beamwidth required at the RX to obtain 10 dB SNR. 
Figure 12.2a demonstrates that minimum antenna gain is less than 50 dB up to an f, of 
1 THz, which is potentially achievable by ultra-massive multiple input multiple output 
(UM MIMO) antennas. As expected, increasing transmission distance results in higher 
required antenna gain. The required beamwidth to obtain 10 dB SNR at the RX ranges 
from 0.6° to 8.3°, as presented in Figure 12.2b. Narrower beamwidth means highly direc- 
tional antenna, which can lead to outages due to relative motion. Mitigation techniques 
are needed for this challenge, including fast antenna beam alignment and faster handover 
management techniques [51]. Moreover, gain required at the RX and TX increases by 5 dB 
as the bandwidth is doubled, as displayed in Figure 12.2c. 


346 Next Generation Wireless THz Networks 


50 
45 
m 
2, 
Hei 
2 
2 40 
[0] 
[aa 
= 
5 
g 35 
3 
£ 
= 
= 
30 
350 GHz 
= = — 675 GHz 
—— 1 THz 
25 | i 1 | 1 | J 
0 100 200 300 400 500 600 700 
Distance [km] 
9 =e 
350 GHz 
8 H - = — 675 GHz 
—p— 1 THz 


Beamwidth Required [°] 


0 100 200 300 400 500 600 700 
Distance [km] 


Figure 12.2 Required gain and beamwidth for an ISL between LEO CubeSats. (a) Minimum gain required. 
(b) Beamwidth required. (c) Minimum gain required for several bandwidths, f. = | THz. 


12.5 Future Research Directions 


In this section, we discuss the future research directions, namely THz UM MIMO, 5G sat- 
ellite networks, IoST, airborne military and defense applications, and the major challenges 
ISL encounters. 
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Figure 12.2 Cont. 


12.5.1 Terahertz Ultra-Massive Multiple Input Multiple Output 


EM waves experience high spreading loss and the transmission power of TRXs is limited 
in THz frequencies. These impairments limit the transmission distance into a few tens 
of meters. Thus, highly directional antennas with high gains are required to increase the 
transmission distance. To combat the distance problem, the concept of UM MIMO com- 
munication in the THz band, which leverages many nanoantennas, has been introduced. 
As an enabling technology, plasmonic nanoantennas have been proposed. It has been 
estimated that using graphene-based plasmonic antenna arrays, thousands of antennas 
can be embedded in a few mm?. On the other hand, the fabrication of nanoantenna arrays 
and PHY design still poses challenges for this concept [52]. 


12.5.2 5G and Beyond 5G Satellite Networks 


IoT is a vital part of the 5G systems. The need for Internet provisioning to rural and 
remote areas, and ubiquitous coverage for mission critical applications focus the attention 
on satellites, which are also recognized as a part of 5G connectivity. The future Release 
17 of the 3GPP also considers satellite networks as a study item under “Non-Terrestrial 
Networks,” which proposes satellite systems as either a standalone solution or a part 
of 5G connectivity. This creates the opportunity to integrate the terrestrial and satellite 
networks. Challenges faced by traditional satellite networks such as latency and cost 
per data rate are expected to be overcome by SG systems. Thus, satellites are envisioned 
to provide backhaul connectivity for the IoT [53]. Yet, there are still challenges such 
as high path losses, delays, and Doppler shifts [54] that need to be addressed to realize 
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satellite-based new radio platforms. 5G communication systems have service requirements 
including enhanced mobile broadband (eMBB), massive machine-type communications 
(mMTC), and ultra-reliable low-latency communications (URLLC). eMBB service’s use 
cases include backhauling, which is an emergent need in disaster areas where large amount 
of bandwidth is abruptly demanded. mMTC and URLLC can pave the way for plethora 
of IoT applications. However, terrestrial infrastructure has certain limitations including 
coverage to ensure full network utilization. Hence, satellites, being able to provide ubiqui- 
tous coverage to rural and remote areas such as oceans and deserts, will be integrated to 
both 5G and beyond 5G networks. Satellite networks can enhance network reliability for 
especially mission critical applications and moving platforms such as trains and planes, 
and enable service scalability by their broadcasting and multicasting capabilities [4]. 


12.5.3 Internet of Space Things 


An LEO satellite constellation-based IoT system, which can enable the IoST concept, for 
the ubiquitous coverage of the Earth’s remote areas has been proposed in [55]. However, 
traditional satellites suffer from several limitations such as long development time and 
high cost. Considering these drawbacks, another IoST concept that relies on CubeSats has 
been introduced in [56]. The CubeSat design proposed in [5] also supports wireless com- 
munication at the THz frequency band. IoST can be used as an alternative backhaul to 
terrestrial infrastructure or employed in monitoring activities and aerial reconnaissance. 
Yet, several challenges in the placement of the hubs and resource allocation need to be 
overcome. 


12.5.4 Hybrid Space-Air Network 


Space networks containing GEO, MEO, or LEO satellites can also be integrated into air 
networks comprising UAVs and HAPs such as HABs. Hybrid network, which is illustrated 
in Figure 12.3, can pave the way for many applications including Earth observation and 
secure military missions. In [57], a space-based network architecture containing hybrid 
links between spacecraft and satellites for Earth observation purposes has been discussed. 
In these links, THz communication can also be employed. For military functions such as 
reconnaissance, surveillance, and patrol, UAV and HABs are being used. Many single UAV 
networks, which are already in service for almost 30 years, use satellite communications 
[58]. High atmospheric attenuation can create an advantage regarding secure communi- 
cation links for these military and defense applications. THz waves of orbital links cannot 
penetrate the troposphere so that interception or disruption of the airborne links, such 
as satellites-to-HAB or UAVs, from the ground is not possible [39]. Moreover, terrestrial 
spectral noise will be minimal since THz waves from the Earth cannot penetrate space too. 
These eliminate the chances of interference, jamming, and eavesdropping. 


12.6 Challenges 


In addition to the characteristic challenges of THz communication, the challenges in THz 
ISLs include the following subjects. 
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Figure 12.3 Hybrid network. 


12.6.1 High Path Loss 


High propagation loss is a major limitation for the THz communications. Due to higher f, 
amplified spreading loss restricts the THz communication into few tens of meters. To over- 
come this limitation for terrestrial networks, the authors in [59] introduce several solutions 
including distance-aware PHY design by considering the strong relationship between the 
distance and transmission windows, UM MIMO communications to augment the com- 
munication distance and reflect arrays to enhance signal coverage when line-of-sight is not 
available. Moreover, software-defined metamaterials controlling the propagation envir- 
onment for terrestrial networks have been proposed to overcome the distance limitation 
in the THz band [60]. Yet, further research on the methods for combating high spreading 
loss is still necessary regarding ISLs. Another possible solution is benefiting from the radio 
astronomy implementations where large-aperture THz optics are employed, two exem- 
plary systems of which are the 12.5 m Atacama Large Millimeter/Submillimeter Array 
(ALMA) in San Pedro de Atacama, Chile, and 3.5 m Herschel Space Observatory. The 
authors in [40] have shown that data rates of more than 1 Tbps is possible for a ground- 
to-GEO satellite link, where the ground station is in the dry regions of Earth. They have 
further shown that aircraft and balloons with smaller apertures can even exceed 1 Tbps. 


12.6.2 Interference 


Earth exploration-satellite service (EESS) and radio astronomy service (RAS) use several 
bands in the 275-1000 GHz range. The International Telecommunication Union (ITU) 
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identifies 275-1000 GHz to be potentially used by active communication services, even 
though this spectrum is still largely unregulated. On other hand, to protect the activ- 
ities of the scientific community investigating space science from the interference of active 
services, current ITU Radio Regulations identify several frequency bands between 275 
and 1,000 GHz for passive service applications, as detailed in the footnote 5.565. In this 
respect, standardization efforts are focusing on spectrum sharing studies between THz 
communications and passive services. Since the telescopes of RAS are located in remote 
areas such as the peaks of high mountains, these sharing studies are targeted to EESS in the 
275-450 GHz frequency band. EESS consists of geostationary and non-geostationary orbit 
satellites with down-looking antennas [61]. Thus, the interference from fixed communi- 
cation services can be substantial. Preliminary simulation results reveal that the following 
bands can be shared between EESS and fixed services: 275-296, 306-313, 319-333 and 
354-450 GHz [62]. Regarding THz ISLs, the interference from both EESS and RAS can 
be critical. Therefore, further studies are required to identify the bands that can be shared 
by THz ISLs and passive services. 


12.6.3 Space Debris 


Space debris refers to human-made objects that are present in the Earth orbit and mostly 
nonfunctional. It is a threat to both satellites and space missions and pose a challenge for 
THz communication. Reflection and scatterings result in non-line-of-sight (NLoS) com- 
munication paths. Due to space debris, multipath components can be observed at the 
RX. As of February 2020, 34,000 objects larger than 10 cm, 900,000 objects between 1 
and 10 cm, and 128 million objects ranging from greater than 0.1 to 1 cm are estimated 
to be in the Earth’s orbit [63]. Thus, geometric scattering occurs due to these objects. In 
[30], the author simulates the effect of space debris on the EM wave propagation in THz 
ISLs for a simple network topology, and shows that space debris can result in intersymbol 
interference. On the other hand, strong scattering effect of space debris can also be used 
to compensate the losses at RX, since any of the NLoS paths may behave as the dominant 
path in THz frequencies [64]. 


12.6.4 Doppler Spread 


Relative movement between a TX and RX results in Doppler shift in the f. of the 
received signal. If the RX is moving toward the TX with a speed of v, the maximum 
Doppler shift is calculated by fp = v/), where A = c/f, is the signal wavelength. If the 
relative speeds of satellites are high, the impact of the Doppler shift on the THz ISLs 
can be severe. At 300 GHz f,, the Doppler spread reaches 10 MHz for a v of 10 km/s, 
whereas the coherence time, in which the channel impulse response remains unvaried, 
is 0.018 us [65]. The symbol period can be chosen to be less than the coherence time 
to prevent fast fading or the bandwidth can be adjusted accordingly. In any case, the 
Doppler shift should be estimated and compensated at the RX. However, Doppler shift 
estimation approaches for traditional wireless systems do not produce satisfactory 
performance for the high-speed systems with high f. [66]. Therefore, new estimation 
methods and compensation techniques are needed for satellite systems operating at 
THz frequencies. 
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12.6.5 Device Linearity 


System linearity is an important criterion to support a wide range of power levels in satellite 
communications. Due to only newly emergent THz device technologies, the state-of-the- 
art THz TRXs based on complementary metal oxide semiconductor (CMOS) have several 
drawbacks including non-linearity of devices. CMOS technology is preferred because it 
can offer low-cost solutions. However, high-frequency operation is still a challenge for 
CMOS devices. Linear amplification is possible up to only about 300 GHz [67]. Since the 
cut-off frequency for transistor or maximum oscillation frequency is higher than the target 
frequency, the non-linearity of devices has to be utilized at THz frequencies, yet optimizing 
these devices increases the complexity of the designs [68]. Moreover, it degrades the power 
efficiency. Higher order modulations such as quadrature amplitude modulation also neces- 
sitate linearity. 


12.7 Conclusions 


THz band can pave the way for new opportunities by enabling huge bandwidth regarding 
THz ISLs. Satellite networks, which are one of the study items of 3GPP, can be employed 
as a part of 5G connectivity to provide ubiquitous coverage. Moreover, the constellation 
of small satellites with THz communication capability can enable the IoST concept. Large- 
aperture THz optics such as the ALMA in San Pedro de Atacama, Chile are already being 
used by radio astronomy, which has the potential to drive THz ISLs. On the other hand, 
there are major challenges that need to be addressed such as high-power TXs to overcome 
the high spreading loss occurring between satellites. 
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13.1 Introduction 


The 5G today and the 6G tomorrow can be enabled only by availability of wireless 
networks with multigigabit per second data rate with high density. This needs substantial 
technological progresses. The terahertz portion of the spectrum (100-1000 GHz) offers 
wide frequency bands for potentially achieving data rates in the order of hundreds of 
Gigabits per second [1-15]. However, the major challenge for enabling links at THz fre- 
quency is the opposing trend at the increase of the frequency of attenuation and available 
transmission power. The attenuation increases due to path loss, high atmosphere attenu- 
ation, and rain attenuation. The transmission power available from amplifiers decreases at 
the increase of the frequency at rate of 10 or 20 dB per decade. A second challenge is the 
availability of affordable wide band microwave monolithic integrated circuits (MMICs) 
and subsystems for multigigabit per second transmission. In addition, as the frequency, 
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transitions, assembly, and losses increase, non-linearities pose substantial technological 
issues, due to the short wavelength that defines the dimensions of the parts, resulting in 
production difficulty and increased costs. An intense research activity has been devoted 
worldwide to design and fabricate THz wireless links. Numerous wireless systems covering 
the frequency range from 90 to 400 GHz were reported [16-20]. In most of the cases those 
systems are limited to short transmission distance, not suitable for outdoor test. However, 
promising results and achieved data rate are opening new perspectives to the exploitation 
of the THz spectrum. Presently THz front ends or wireless links are not commercially 
available yet. The availability of enabling components is a fundamental step to produce 
affordable THz wireless systems for the development of new network concepts. 

The electronic technology is only one aspect of the wireless communications. New net- 
work architectures have to be implemented to respond to the needs of different features for 
the different applications or use cases, such as low latency, high reliability, and long links. 

This chapter explores the challenges for electronic components and systems above 100 
GHz, describing the state-of-the-art technology for design, fabrication, testing, and deploy- 
ment of THz links for multigigabit data rate. New network concepts will be discussed to 
exploit the spectrum above 100 GHz and how these are integrated in a network archi- 
tecture capable of supporting the 5G radio access networks (RANs) that are designed 
targeting support for future Beyond 5G (BSG) networks. 

The chapter introduces the electronic technology at THz for wireless links in the first 
three sections. Section 13.2 provides the overview on the status of microwave monolithic 
integrated circuits at THz frequency. A brief discussion on antennas will highlight their 
importance for the transmission section of the radio. Section 13.3 is on packaging, transi- 
tion, and assembly that represent one of the main technology challenges at those frequen- 
cies due to the small size of the parts. Section 13.4 describes the challenge for long-range 
propagation due to the high atmosphere attenuation that has so far prevented a wider use 
of THz frequencies. The last two sections are focused on novel THz wireless networks 
and their implementation and future perspectives. Section 13.5 discusses architecture, per- 
formance and technology of a new ultra-high capacity layer at D-band (141-148.5 GHz) 
with links at G-band (275-305 GHz) for supporting data distribution in urban areas. The 
chapter concludes with Section 13.6 where an analysis of the future concepts beyond the 
5G is proposed, highlighting the relevance of the THz spectrum for the implementation of 
new services and applications. 


13.2 MMIC and Antenna Technology for THz Links 


The radio is the enabling system for any wireless link. Its structure in principle simply 
consists of a transmitter and receiver (transceiver). Typically, modems operate at sub-6 
GHz frequency, so the radio has to upconvert and downconvert the signal at the link 
frequency. In Figure 13.1 is shown a typical topology of a radio. The transmitter section 
includes an upconverter that raises the frequency from the modem to the operation link 
frequency, a filter to reduce spurious content, a power amplifier to produce a signal with 
proper level to be transmitted by the antenna. The receiver section includes an antenna 
connected to a low-noise amplifier to raise the signal to noise ratio (SNR) and then the 
signal is down converted to sub-6GHz frequency and transferred to the modems. A high- 
stability local oscillator is needed to drive the mixers, usually a frequency synthesiser. 
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Figure 13.1 Schematic of a radio. 


Depending on the difference between the input frequency at sub-6GHz and the link fre- 
quency, one or two levels of frequency conversion are needed. The topology of a radio is 
substantially the same for any operational frequency. The radio topology can be split in a 
low power section (mixers, LNA) and a high-power section (power amplifier). 

Above 100 GHz, the fabrication of a radio is challenging due to the low availability of 
components and difficult assembly. 

Presently a wide range of active devices (high electron mobility transistor [HEMT], 
heterojunction bipolar transistors [HBT], double HBT, metamorphic HEMT) with 
different processes (InP, GaAs, GaN, SiGe, complementary metal-oxide-semiconductor 
CMOS, BiCMOS) have been reported with maximum frequency of oscillation (fmax) 
up to 1.5 THz [21]. These devices are used to design and build monolithic integrated 
circuit (MMICs) with different functions and performance in a wide frequency range, 
higher than 850 GHz [22]. A wide range of components of the low power section of 
the radio, such as low-noise amplifiers (LNA), mixers, filters, diplexers, and multipliers 
has been reported with promising results over multi-gigahertz frequency bands below 
the 400 GHz, portion of the spectrum suitable for outdoor wireless links [23]. Several 
initiatives aimed to develop the integrated circuit technology required for THz radio 
transceivers [24-26]. Nevertheless, this is an ongoing effort that will surely succeed in 
the years to come. 


13.2.1 THz Power Amplifiers 


The power amplifier is the most critical component because it determines the range of the 
link and the SNR to support the desired modulation scheme. The survey in [27] includes 
a plot of the output power for state-of-the-art power amplifier up to 0.5 THz (Figure 13.2). 
On average, the power is below 25 dBm. It is notable that the power above 200 GHz 
reduces below 10 dBm. If this value is compared to tens of watt (more than 40 dBm) at 
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Figure 13.2 Output power vs. frequency for different fabrication processes [27]. 


microwaves, it gives the sense of the technology gap for establishing long links above 
100 GHz. 

For wireless applications, in addition to power, requirements for linearity, efficiency and 
power consumption increase the design challenges. The main problem is that power amp- 
lification reduces approximately with the square of the frequency (1/£). On the contrary, 
attenuation increases with an increase in frequency. The low transmission power avail- 
able can be partially compensated by high-gain antennas, but for very high-gain antennas 
(> 40 dBi) a narrow beam could make difficult the alignment with the receiving antennas. 

Both silicon and I-V technologies are used for millimetre wave power amplifiers [27- 
30]. CMOS process has the advantage of low cost, but the output power is limited [28]. 
A D-band 16 nm FinFET CMOS power amplifier with a peak gain of 25.6 dB and Psat 
of 15dBm is reported in [31]. Higher output power can be achieved with IN-V MMIC 
processes. In Figure 13.3 the layout of a 800 nm InP DHBT power amplifier in the band 
140-148.5 GHz with 19 dBm output power is shown in [32]. A 35 nm GaAs mHEMT 250 
GHz PA is reported in [33], with about 11 dBm output power over 55 GHz bandwidth. 

More research is needed to increase the output power of solid state amplifiers. 
Investigation on the use of gallium nitride (GaN) is in progress. Its high breakdown 
voltage potentially can provide high power, but above 100 GHz the technology is still in 
development. 


13.2.2 THz Low-Noise Amplifiers 


Low-noise amplifiers (LNAs) are important components to improve the SNR of the 
receiver. Their main parameter is the noise figure, which is also a function of the band- 
width, with impact on data rate for wide band links. The design of LNAs has to balance 
gain, noise figure and input matching. The best performance has been achieved by using 
indium phosphide (InP) HEMT and short gate length [34]. The input transistor has to 
have a very low noise. HEMTs are typically used. A GaAs 140-150 GHz LNA with 
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Figure 13.3 D-band DHBT power amplifier [32]. 


5 dB NF is reported in [28]. A 215-225 GHz LNA in InP HEMT with about 4 dB NF is 
reported in [35]. 


13.2.3 Mixers 


Downconverter and upconverter are available in a mixer fed by a high-stability local 
oscillator, usually a frequency synthesiser, to produce by an intermediate frequency (IF) 
(Figure 13.1). Mixers can be active or passive [36]. Passive mixers can use both diodes 
either FETs. FETs are preferred for linearity. In general, passive mixer at millimetre waves 
are preferable since they are less sensitive to terminations. In [32] a downconverting mixer 
with RF at 141-148.5 GHz and IF at 92-95 GHz is reported. 

The availability of complete MMIC chipsets above 100 GHz is still limited, but the 
growing interest to exploit that portion of the spectrum is fostering a rapid technology 
development. 


13.2.4 THz Antennas 


Antennas are key components in THz radio for wireless systems. THz bands operate at 
extremely short wavelengths, which make the antenna fabrication challenging, but gives the 
advantage of producing high-gain antennas or antenna arrays with small physical dimensions. 

It is important to note that, for antenna systems operating at higher frequencies, 
considering the same physical size, the antenna will exhibit higher directionality and gain, 
as given by the equation, 


G=— (13.1) 
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where G stands for the antenna gain, A. for the antenna aperture and A is the wavelength 
of the radio wave. 
The free-space propagation is given by Friis equation, 


P.=P.x -— (13.2) 


where P. and P, are the power flux density of the radio wave at the receiver and at the 
transmitter respectively, A„ and A, are the receiver and transmitter antenna apertures 
respectively, and d is the distance between the transmitter and the receiver. Equation (13.2) 
implies that using directional antennas at both ends of the radio-link, the path loss in free 
space at a given distance decreases quadratically as frequency increases when the phys- 
ical size of the antenna is maintained. In this way, radio attenuation and other atmos- 
pheric propagation impairments could be effectively overcome when operating at such 
high frequencies. 

Many different antenna configurations are used or are under investigation, such as horn 
antennas for moderate gain (Figure 13.4a), lens antennas for high gain (Figure 13.4b), 
planar antennas for compactness. Each of them has specific features and performance. 
Additive manufacturing and planar processes are the new fabrication approaches for 
affordable high performance antennas [37]. 


13.3 Sub-Assembly, Transition and Packaging 


Once the chipset is available, it has to be connected to power supply and external circuits. 
Packaging of THz devices is facing several technological challenges mainly related to 
signal interconnection [38]. For operating frequencies up to 40 GHz, components are usu- 
ally available in surface-mount technology (SMT) packages. The core devices are mounted 
in the package frame and signal pads are wire-bonded to metal leads of pins. Two funda- 
mental issues arise with this signal interconnection technique when the frequency 
increases: the inductance of the bond wire can no longer be ignored and the size of SMT 


(b) 


Figure 13.4 D-band antennas: (a) horn and (b) lens antenna developed in the frame of the ULTRAWAVE 
H2020 project [58]. 
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Figure 13.5 A D-band low-noise amplifier module with WR-6 waveguide interfaces developed in the 
frame of H2020 ULTRAWAVE (courtesy of HF Systems Engineering GmbH). 


pads or pins is too large, which leads to the excitation of multimode, radiation and reflec- 
tion. Development effort is underway to push the practical operating frequency of SMT to 
the millimetre waves, notably the efforts driven by 77-GHz automotive radar [39,40] and 
E-band (71-76 GHz and 81-86 GHz) wireless communication [41] industries, with focus 
on wafer-level chip-scale packaging. 

However, with operating frequency beyond 100 GHz, SMT can no longer provide 
efficient interconnection without the excitation of multimode, radiation and reflection. 
So far, rectangular hollow metallic waveguide with associated transition has proven to 
be the most suitable for THz devices, because of its low loss, excellent shielding and 
durability characteristics. The production of rectangular-hollow-metallic-waveguide- 
based packages is usually done with split-block technology. The split blocks are made 
one by one with computer numerical control (CNC) machining, which could offer toler- 
ance as low as a couple of micrometres and surface roughness (Ra) lower that 100 nm. 
Figure 13.5 shows a D-band (110-170 GHz) low-noise amplifier module with WR-6 
waveguide interfaces. 

The main drawback of waveguide split block housing is the high production cost 
incompatible with mass production. Some efforts were invested in inexpensive production 
technique such as silicon waveguide, 3D-printing, LTCC and plastic moulding technology. 

In addition to the fabrication challenge, rectangular-waveguide modules must incorp- 
orate a transition from/to the core chip with signal path using microstripline or coplanar 
waveguide. Transition circuits such as E-plane probes on a separate substrate with a 
bonding wire in the RF path have been used for millimetre wave frequencies (Figure 13.6). 
The interconnection from chip to transition is done here again with wire bonding. Above 
100 GHz, the wires start to behave as a distributed component. Shortening them can 
effectively reduce wire inductances. The use of wire bonding has been demonstrated up to 
300 GHz [42,43]. The choice of dielectric material for transition is also narrowed down 
when the frequency increases. Materials such as quartz and GaAs offer low loss and excel- 
lent surface roughness, however in order to avoid radiation and excitation of multimode, 
the substrates must be thinned down to 50 um for quartz and to 25 um for GaAs for oper- 
ation at 300 GHz. 
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Figure 13.6 Integrated D-band LNA MMIC with 50-um quartz E-plane probe developed in the frame of 
H2020 ULTRAWAVE (courtesy of HF Systems Engineering GmbH and OMMIC). 


Alternative to wire bonding, flip-chip mounting technique is an attractive technique for 
interconnecting millimetre wave and THz signals, which uses solder bumps deposited on 
the chip pads. To be mounted, the chip is flipped top face-down, so that its pads are in 
contact with the external circuit, and then the solder is reflowed to complete the intercon- 
nect. The bump transitions offer smaller intrinsic parasitics compared to wire bonding. 
There have been demonstrations of the flip-chip bonding technique at frequencies close to 
300 GHz [44,45]. The potential use of this approach for 500 GHz [46] interconnection 
has been proven. The main disadvantage of flip-chip technique is the risk of fracture due 
to the difference of thermal expansion between the chip and the supporting circuit. 

Another approach to avoid the use of wire bonding is to integrate the transitions with 
the core chip in a single MMIC. The MMICs are mounted in the split blocks so that the 
transitions is inserted in the rectangular waveguide and aligned to the fields on the E- 
plane [47]. However, when the chip width is large, the required waveguide opening could 
cause leakage and result in oscillations. To overcome the issue, it is possible to tailor the 
chip geometry so that the on-chip transitions are electrically narrow. Such nonrectangular 
MMIC geometry can be accomplished by chemical etching [48] or laser dicing processes 
[49]. Nevertheless, the integration of transitions with the core chips inhibits on-wafer 
testing. The MMICs can only be individually tested after packaging, and the dedicated 
dicing processes of nonrectangular MMICs are both cost-intensive. 

In conclusion, the recent progress in THz devices has enabled the use of THz waves in 
various applications. However, because of the millimetre and sub-millimetre wavelength we 
are facing an important problem associated with efficient interconnections and packaging. 
Metallic split-block rectangular waveguide provides excellent performance. However, the 
production process using CNC machining is cost-intensive and incompatible with large- 
scale applications. Silicon machining, low-temperature co-fired ceramic, 3D-printing and 
plastic moulding are technologies which will potentially reduce the production cost. 


13.4 Challenges in the THz Propagation 


Propagation of electromagnetic waves are ruled by the Maxwell equations [50] valid for 
the full spectrum, so in principle no difference at the change of frequency. The free space 
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Figure 13.7 Frequency bands and atmospheric attenuation beyond 100 GHz as a function of rain intensity 
assuming |0 g/m? water vapour density. 


path loss (FSPL) depends only on frequency and distance. If the distance remains the same, 
the FSPL increases at the increase of the frequency. Rain and humidity are random 
disturbances that are gaining increasing importance with the increase of the frequency 
(Figure 13.7). The International Telecommunications Union (ITU) provided a map of 
world divided in a rain zone from A to Q, each of them is characterised by a percentage of 
time the rainfall intensity exceeds a certain value, corresponding to a given level of attenu- 
ation per kilometre. Most of the Western countries lay in the zone H and K with level of 
attenuation per kilometre at millimetre wave up to 23 dB per kilometre. The gaseous con- 
stitution of the atmosphere adds attenuation that increases with the frequency [51,52]. 
A number of attenuation peaks provoked by the absorbance of specific molecules alternate 
with region of lower attenuations. Peaks of attenuation are present at about 103, 180, 
330, and 380 GHz. However, it is true that those peaks of higher attenuation represent 
regions to avoid for long-range links, but in reality, no matter the frequency, above 100 
GHz rain is the major factor to deal with for ensuring the link availability to satisfy net- 
work specifications. 

The typical specification of availability of service has to be better than 99.99% of the 
time. It means that any link has to be dimensioned to work against the maximum attenu- 
ation level of the ITU zone. 

The main link parameters are the data rate associated to the bandwidth and the SNR. 
If an increase of attenuation, for example, due to very high rain rate, reduces the SNR 
and consequently in the supported modulation scheme the link quality is degraded. This 
does not interrupt the link, but a mechanism to reduce the data rate has to be introduced 


(automatic control modulation [ACM]) by reducing the modulation scheme order suitable 
for lower SNR. 
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Figure 13.8 Point to multipoint distribution. 


In summary, the design of outdoor links above 100 GHz substantially depends on the 
different components of attenuation in addition to the FSPL. 

At microwave, intended below 10-15 GHz, the availability of high-power amplifiers 
and the intrinsic low attenuation and FSPL make the link quite robust in long range 
(several kilometres). Differently, at THz frequencies, the low power level from solid 
state amplifiers, below 1 W around 100 GHz and in the range of tens of milliwatt 
or less above 100 GHz, limits the useful range of links, even by the use of high-gain 
antennas [27]. 

Point-to-point links are available in the market at E-band [53], with Gb/s capability, but 
they partially cover the needs due to high gain antenna with large footprint, suitable for 
transport of internet, but not for the capillary backhaul that the 5G needs to support cell 
densifications. Above E-band, no front end is presently available in the market. 

Point-to-multipoint (PmP) distribution is the solution when a high number of links is 
needed to cover a certain area (Figure 13.8). However, PmP at THz is even more arduous 
due to the need of low gain antennas to produce a wide beam. 

In both the case of THz PtP and PmP, the availability of adequate transmission power, 
in the watt range, is needed to allow high-capacity long links with multi Gb/s data rate 
exploiting the available wide frequency bands [54,55]. 

An emerging solution is the use of travelling wave tubes (TWTs), a high power amplifier, 
usually adopted in the niche sector of satellite communications [56]. 

TWTs produce power level up to two orders of magnitude higher than solid state 
amplifiers at the same frequency. TWTs have a structure fully scalable in frequency, as 
demonstrated by prototypes realised up to 1 THz (1000 GHz). TWTs at 100 GHz are able 
to produce tens of watts. About 1 W was demonstrated at G-band (in the range 200-305 
GHz) [57]. So far, the production process is not yet mature and still at laboratory level. 
On that basis, two European Commission Horizon 2020 projects (TWEETHER [58] and 
ULTRAWAVE [59]) propose for the first time the use of TWTs as power amplifiers for 
transmission hub in PmP at W-band (92-95 GHz) [60] and D-band (141-148.5 GHz) and 
for PtP G-band (275-305) high transport capacity links. 
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At W-band a 92-95 GHz TWT was designed and realised, with 40 W saturated power 
[61]. At D-band, a 141-148.5 GHz TWT is in fabrication phase to produce about 10-12 
W saturated power [62]. 

To note that the reported best D-band solid state power amplifier delivers around 100 
mW (20 dBm) [27]. 

The exploitation of the spectrum above 100 GHz is progressing, and the electronic tech- 
nology is in development. The next step is a production strategy to bring on the market 
affordable and high specifications THz front end. 


13.5 Network Design and Performances for Ultracapacity 
Distribution 


The previous sections described the technology development at THz frequency for enab- 
ling wireless links. Ultra-high capacity networks are expected to play an important role 
in our society and in the industrial framework supporting it. The use of new spectrum 
bands permits the transmission of larger bandwidth signals, enabling higher bitrate ser- 
vices, and also enabling latency reduction by the use of hybrid analogue-digital schemes 
with reduced digital signal processing associated with data compression, error correction 
and wireless modulation, which are placed close to the final user in a small-cell scenario. 

In the following, the European Commission Horizon 2020 ULTRAWAVE ‘Ultra cap- 
acity wireless layer beyond 100 GHz based on millimetre wave Travelling Wave Tubes’ 
project will be described as example of novel network solutions for ultracapacity at THz 
frequencies [57,58]. ULTRAWAVE develops a network architecture based on two THz 
systems operating above 100 GHz: a point to multipoint (PmP) wireless distribution net- 
work at D-band (141-148.5 GHz), and a point-to-point (PtP) link at G-band (275-305 
GHz) [57]. The PmP D-band systems will implement the backhaul of small cell sites, while 
the G-band links will transport the aggregated capacity of the D-band sectors toward the 
operator’s core network. The combination of the two THz systems allows flexible pay-as- 
you-grow deployments of end-to-end IP transport networks to backhaul 4G and 5G small 
cells as well as providing fixed wireless access in dense urban and suburban areas. 
Figure 13.9 illustrates a scenario where a 5G operator provides wireless backhaul to a 
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Figure 13.9 ULTRAWAVE architecture example with two concatenated G-band PtP links and seven D-band 
sectors providing wireless backhaul to different 5G-NR small cells. 
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wide number of small cells employing seven different D-band PmP sectors, and a concat- 
enation of two G-band PtP links carries the aggregated traffic to a fibre point of presence 
connected to the 5G core. 

In the following sections the specifications, system architecture and performances of 
ULTRAWAVE system are described. 


13.5.1 Specifications 


ULTRAWAVE system aims at exploiting frequency bands above 100 GHz to distribute and 
transport traffic to and from 4G and 5G small cells in scenarios with a high density of eNB 
(evolved NodeB, typical of 4G) and gNB (gNodeB, typical of 5G) units and unsuitable or 
unaffordable optical fibre deployments [63]. Around 30 GHz of spectrum are available 
both in D-band and in G-band. The high attenuation and line of sight (LOS) requirement 
to operate at those bands makes possible a high reutilisation of the extensive amount of 
available spectrum. In Europe, the regulation states that the available spectrum for fixed 
service applications in D-band is fragmented in four different blocks between 130 GHz 
and 174.8 GHz (130-134 GHz, 141-148.5 GHz, 151.5-164 GHz and 167-174.8 GHz) 
[64]. In G-band, a continuous block comprised between 275 and 305 GHz is targeted for 
fixed service. 

The enabling technologies to achieve significant operating distances with the required 
availability at those frequency bands have been described in previous sections as well as 
in [65]. 

The targeted functionalities and performances expected are the following: 


e Distribution and transport of relevant capacity: 30 Gbps 

e Adaptation to the various topologies that operators would deploy considering the site 
acquisition constraints and their legacy 

e Efficiency to backhaul the main applications classes: extreme mobile broadband 
(eMBB), ultra-reliable low latency communications (URLLC) and massive machine- 
type communication (mMTC). 

e Minimum latency impact 

e Load balancing: between application classes, DL/UL ratio and small cell load. 


13.5.2 Architecture 


The ULTRAWAVE architecture is based an innovative data distribution by the transmis- 
sion of a frequency multiplex of time division duplexing (TDD) channels, generated typic- 
ally at C-band (about 5 GHz). The multiplex is upconverted to D-band or G-band in each 
case to be transmitted, and the inverse frequency translation is performed in the reception 
process to deliver the channel to the receiver at the original frequency. 

A multiplex of independent channels provides the necessary flexibility to the architec- 
ture to implement both PtP and PmP systems. The choice of time division duplexing over 
frequency division duplexing provides another degree of flexibility in terms of the vari- 
ation of the downlink/uplink traffic ratio depending on each cell’s conditions. 

In the D-band PmP system, a D-band terminal receives and demodulates each of the 
channels of the multiplex serving a small cell site. In the G-band PtP link, each of 
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Figure 13.10 ULTRAWAVE architecture at modems stacks and switching level. On the left, the PtP G-band 
link is composed of N high speed channels. Each of the N channels is associated with a D-band 
sector (on the right), dividing its capacity among n D-band terminals per sector. 


multiplexed channels will have enough capacity to aggregate the capacity of a D-band 
sector, therefore requiring higher speed modems. 

Figure 13.10 illustrates the described architecture. N high-capacity channels in the G- 
band PtP link, with N from 1 to 12, feed data to N different D-band transmission hubs that 
serve n D-band Terminals each, with n comprises between 1 to 10, depending on the cap- 
acity and range each D-band sector has to provide. At the interconnection of both systems, 
the required capacity for the PmP hubs is switched to the D-band systems. A cascaded PtP 
G-band link can transport any of the N channels to a different location where additional 
D-band sectors could be deployed. The difference between the modems employed in the 
G-band PtP and the ones employed in the D-band PmP is that the capacity of the G-band 
channels needs to be significantly larger. 

As for modem choices for this type of architecture, the D-band PmP sectors could be 
implemented with IEEE 802.11ac (Wi-Fi 5) modems arranged between 5 and 6 GHz (C- 
band). In the case of the G-band PtP links, the choice would lie on IEEE 802.11ad modems 
(60 GHz). However, this approach could be revised to meet the channelisation imposed by 
spectrum regulations and achieve higher bandwidth efficiency through custom high-speed 
modems. Figure 13.11 provides an example of block diagram of the implementation of the 
D-band PmP system with three IEEE 802.11ac modems [65]. 


13.5.3 Capacity 


The global capacity of both the systems is given by the achievable link budget enabling the 
use of modulation schemes high enough to support the required throughput. The capacity 
has been simulated for several link ranges and ITU areas (rain absorption); for instance, 
in H zone, the capacity of the G-band PtP system varies from 28 Gbps over 700 m to 38 
Gbps over 450 m with 99.99% availability. In D-band, at a range of 600 m, ULTRAWAVE 
system provides around 30 Gbps/km? available area capacity [66]. In a public deliverable 
available on ULTRAWAVE project’s website [67], the system performances are described 
in detail. Tables 13.1 and 13.2 summarise the most relevant aspects of both systems. 
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Figure 13.11 Example of ULTRAWAVE D-band system architecture with a multiplex of three 802.1 lac modems. On the left, the D-band 
transmission hub (TH) containing the three modems and the up/down-conversion and amplification stages. On the right, a 
D-band terminal equipped with one 802.1 lac modem [68]. 
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Table 13.1 G-band PtP link performances [57] 


G-band PtP Link 


Services, Frequency, Architecture and Performances 


Function 

Frequency band 

Frequency radio block allocation 
Capacity 

Range in K rain area 99.99% availability 
Range in H rain area 99.99% availability 
ACM Margin for 99.999% 

Max throughput per channel 


Modems 

Channels multiplex 
Channel sizes 
Transmission mode 
Waveform standards 
Modulations 


Controls 


Connects D-band hubs to core network 

275-305 GHz 

Per 10 GHz up to 30GHz 

Around 30 Gbps (depends on range and number of channels) 
600 m 

700 m 

+5 dB on modulation, +6 dB on bandwidth 

4 Gbps 


Up to 12 channels spaced 2.5 GHz 

440, 880, 1760 MHz 

Dynamic TDD per channel 

802.1 lad 

16QAM-3/4; QPSK-(3/4, 1/2) & BPSK-1/2 
ACM on MCS, channels BW 


Table 13.2 D-band PmP backhaul performances [57] 


D-band PmP BACKHAUL 


Services, Frequency, Architecture and Performances 


Function 

Frequency Band 

Frequency radio block allocation 
Architecture PmP 


TH sector aperture 

Sector capacity (n channels) 

Number of terminals connected/sector 
Range in K rain area 99.99% availability 
Range in H rain area 99.99% availability 
ACM Margin for 99.997% 

Effective throughputs/sector 


Modems 

Channels multiplex 
Channel sizes 
Transmission mode 
Waveform standards 


Modulations 


ACM control 


Backhaul of 5G NR small cells 
141-148.5 GHz 
Per |GHz up to 8GHz 


HUB with several sectors providing coverage in different 
directions 


30° typical (horn antenna kit 45°, 30°, 15°) 
n x 528 Mbps effective (FEC and MAC) 

n upto 12 

600 m 

650 m 

+5 dB on modulation 

Up to 5.3Gbps 


Up to 12 channels spaced by 20MHz 
160-80-40 MHz 

Dynamic TDD per channel 

802.1 lac wave 2 


OFDM with variable number of subcarriers; 64QAM-2/3; 
16QAM-3/4; QPSK -(4/5, 3/4, 1/2) & BPSK-1/2 


Increased TX power in lower modulation schemes 
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13.5.4 Latency 


Latency is a key feature for massive machine-type communications (mMTC) and 
ultra-reliable low latency communication (URLLC) applications. Examples of URLLC 
applications include remote robot-based medical assistance [69], the connected autono- 
mous car [70] and also highly valued economic segments as high-frequency trading 
communications [71]. The latency contribution of the elements composing ULTRAWAVE 
system can be calculated accordingly to the architecture presented on Figure 13.13, where 
the result of adding the various delays over the chain, is 50 microseconds. Whereas 5G 
specification for URLLC is about one millisecond, ULTRAWAVE transport and distribu- 
tion latency contributes for less than 10% of the overall value. 


13.6 Future Concepts beyond 5G 


Cellular radio networks are a key element of the connected society. Their role is expected to 
become more and more important in the coming years due to the intensive development of 
data centre networking as the basis of a cloud-based modern goods and services economy. 
It is extremely important then to increase the capacity of the cellular network and the 
associated backbone to match the optical backhaul. Recent studies indicate that cellular 
networks comprise more than half of the power consumption of the telecommunications 
operator network [65]. 

State-of-the-art 3GPP 5G new radio (SG NR) supports the connected society most 
relevant use cases in three defined profiles. These are: enhanced mobile broadband 
(eMBB), massive machine-type communications (nMTC) and ultra-reliable low latency 
communications (URLLC) [72]. In particular, eMBB targets to fulfil the capacity demands 
of the connected society, URLLC is of special relevance for the transportation sector, where 
low latency, ultra-reliable connectivity enables autonomous driving, and the mMTC pro- 
file is intended to support high connection density scenarios, like autonomous vehicle 
interaction with the city infrastructure, for example, intelligent lights, signals, pedestrian 
walks, etc. 

Looking to future concepts beyond 5G NR, work has been already done by 3GPP as in 
the June 2018 Release 16 study [73,74], where the target applications and technologies to 
be considered in the evolution of 5G (sometimes named 5G-Phase 2 or Beyond-5G, B5G) 
have been identified. These can be summarised as: 


e Vehicular to anything (V2X) communications in support of full autonomous driving 
e Enhanced MIMO technologies for massive MIMO antenna systems 

+ Support for seamless operation in unlicensed bands 

+ Support for factory automation and other vertical use cases 

+ Support of frequency bands beyond 52.6 GHz 

e Convergence of fixed, wireless and satellite radio services. 


To address these targets, system- level specification of Beyond-5G (B5G) wireless, also 
called 6G cellular, is under development, but some key performance indicators have been 
already established. These are summarised in Figure 13.12 [75], where an organic evolu- 
tion to smart remote antenna units (RAUs) capable of providing fibre-like capacity 
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4G 5G B5G/6G 

Full IP based network Multi-RAT connectivity Spectrum unification 

E-UTRAN architecture Massive MIMO and analog beam- Full spatial control 

10 ms latency forming Al-based network 

5 EB/Mo traffic Mm-Wave spectrum (5G-NR) planning & optimization 

1 Gb/s peak bitrate Focus on vertical < 100 us latency 

100 k connections/km* —applications/slicing/virtualization 500 EB/Mo traffic 

3 GHz spectrum < 1 ms latency 400 Gb/s peak rates 
50 EB/Mo traffic 10 M connections/km? 
20 Gb/s peak bitrate 300 GHz spectrum 


1 M connections / km? 
3 GHz + 30 GHz spectrum (5G-NR) 


E-UTRAN: Evolved UMTS Terrestrial Radio Access Network 
RAT: Radio-access technology 

MIMO: Multiple-input multiple-output 

5G-NR: 5G New-Radio specification 

Al: Artificial Intelligence 


Figure 13.12 Evolution of generations from 4G to 6G. 


operating in the mm-wave and sub-THz range, being scalable enough to seamless operate 
at medium and higher frequencies is clearly depicted, paving the way for next-generation 
Beyond-5G (BSG) wireless connectivity. These RAUs should support the key novel 
concepts introduced in BSG: spectrum unification, full spatial control of radio signals and 
Artificial Intelligence (machine learning)-based network operation. 

Spectrum unification implies that the same baseband digital processing can be applied 
to wireless signals radiated in different frequency bands from the same cellular base 
station, thus enabling seamless operation at different frequency bands. Optical up- 
conversion schemes play a key role here, enabling a flexible generation of the wireless 
signals [75]. Full spatial control of radio signals also benefits from photonic beamforming 
architectures which permit multi-band operation [76] [77]. Finally, artificial intelligence 
based on machine learning algorithms are expected to play an important role controlling 
data flow in the networks, and also at device-level enhancing the performance of optical 
and wireless transceivers [78]. 


13.6.1 The Future of THz Networks 


In dense areas 5G already faces big challenges with regard to spectrum management under 
3.5 GHz (SG-WiFi6 cohabitation) as interferences, hand-over and mitigation. These issues 
on access have now extended to X-HAUL: multiplication of wireless threads over the 
RAN from small cells to the EDGE with huge capacity makes impractical the use of 
standard microwave links in SHE Moreover, frequency plans, regulation, footprint, roof- 
site acquisition, leasing and maintenance become a nightmare for operators. Then mm- 
wave PtP links offer has flourished in V and E band. Nevertheless, above issues remain 
with the numerous applications and clients in a city. 

Thinking of prospectives beyond 5G, one can see that most applications have been 
envisioned by 5G, but it is clear that the future RANs will expand and will require more 
VR in eMBB, more private networks in professional mMTC and strong secure uRLLC 
for V2X. 
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Figure 13.13 Industry 4.0 scenario of multiple links at high capacity. 


Then new challenges would appear with robot dissemination: the machine will become 
a new user requiring secured communication. Another evolution would come from low- 
altitude UAV (flying robots). UAV applications are presently generating some momentum 
in transport and inspection. 

UAV operation is a fundamental part of the Industry 4.0 paradigm, that is, a fully 
automatised connected Internet-of-Things factory [79]. Large-scale verticals, such as 
the automotive industry, comprise several companies operating in proximity in order to 
quickly react to manufacturing chain requirements or to correct issues detected in almost 
real time. These closely collaborating industries are usually interconnected by optical fibre- 
based networks with wireless point-to-multipoint backup radio links, which must match 
the optical transmission capacity as depicted in Figure 13.13, where THz wireless links in 
support of the optical infrastructure is depicted. It should be noted that industry verticals as 
the 5G Automotive Association (5GAA) [80] and the 5G Alliance for Connected Industries 
and Automation (5GACIA) [81] have become contributors to 5G standardisation 
organisations, primarily through the Third Generation Partnership Project (3GPP) [82]. 

Considering these applications, unified 5G networks will certainly develop themselves, 
in hand of Tier 1 operators but, many ad hoc private networks will locally be deployed by 
small specialised operators or fibre wholesalers but for the UAV where ATC operators will 
take the lead for efficiency and security. 

Among the advantages of using THz frequencies in addition to capacity, suppleness 
(Load balancing) and latency, there is an efficient deployment competitive to PtP micro- 
wave links: 


e Huge spectrum, reusable thanks to limited propagation and very low side lobe that 
lens antenna can provide. Therefore, and particularly in PmP, frequency plan is easy 
for dozens of mm-Wave threads over some circular areas with some kilometre radius. 
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e Small footprint with a reduction of 50% of antenna radius comparatively with E-band. 

e Low weight of the terminals (most equipment): modem on SoC, photonic direct 
multiplexing, GaAs and HBT MMICs. All these small components integrated in SIP 
will provide light and compact equipment easily carried and installed by one person 
with no visual incidence on the roof. 

e Compact TWTs, which have been developed for the hubs and PtP terminals to counter 
the terahertz drawback due to rain. 


13.6.2 Configurations and Optimisation 


The density of X-HAUL threads to connect huge number of small cells or machines implies 
that ULTRAWAVE system can distribute dozens of Gbps on any kind of topology for any 
type of application class with best optimisation of coverage-capacity and spectrum use. 
Therefore, deployment design and engineering become essential for efficiency. 

Given a set of terminals in a sector the hub at the distribution unit (DU) for fronthaul 
should be configured to optimise terminal throughputs and global capacity. The config- 
uration of each channel pertains mainly to the frequency and the power of the channel. 
These two parameters should be settled considering internal properties of the hub (as 
frequency gain over the bandwidth used) and external contingencies as the distance, the 
bearing offset, rain attenuation for each terminal and potential jamming of terminals in 
neighbours’ sectors. As an example, to better understand the issue, the power delivered to 
a terminal would depend on its range, its off set in the sectors’ beam and of its local rain 
attenuation; moreover its frequency should not jeopardise neighbour’s links. Optimisation 
of the links ensemble is possible in ULTRAWAVE thanks to its architecture in which each 
modem will be configurated through the management software. Such software can be 
designed upon the complete modelling of the system. 

X-HAUL optimisation widely depends on antenna technology. 

So far X-HAUL PtP links are using more and more high-gain antennas (Cassegrain type) 
thanks to alignment tools, but this simple strategy leads to important footprints. 

ULTRAWAVE uses a kit of antennas for hubs in order to adapt antenna aperture to the 
topology of the terminals. Highly directive small-size lenses are well fitted for terminals. 
Lenses (digitally designed) can be shaped with desired directivity (and particularly for low 
side lobes). 

Evolution of antenna technology in beamforming will greatly foster PmP systems like 
D-band ULTRAWAVE segment. 

The technologies developed in ULTRAWAVE, for example, micro mechanic guides for 
the TWT and lenses could be combined to obtain multi-beams and phase shifting. 

Because of its huge spectrum, terahertz technology, by using ULTRAWAVE architec- 
ture, can distribute dozens of Gb/s to high densities of terminals ensuring the X-HAUL of 
future RANs beyond 5G. The innovation and progress in terahertz technology as in TWT, 
antennas and management software will fully alleviate the rain drawback. 


13.7 Conclusions 


The terahertz technology for wireless networks is progressing fast. The THz spectrum 
provides the greatest opportunity to satisfy the huge increase of wireless traffic with wide 
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bandwidth to support multigigabit per second data rate. However, substantial nodes have 
to be resolved in terms of technology availability, regulations, transmission power and 
economy. 

The new network concept described in the chapter is one of the most novel approach to 
respond to the quest of high-capacity wireless. The deployment of this wireless system will 
solve the X-haul for very dense networks core of 5G and beyond 5G. The future challenges 
highlight the need for multiple features that for which further research efforts and over- 
coming of technology limitations are required. Affordable high-performance MMIC 
chipset, easy assembly and packaging, high linearity and power for power amplifiers and 
small antennas are the elements for the future of terahertz wireless networks. 


Notes 


[1] T. S. Rappaport et al., “Wireless communications and applications above 100 GHz: 
Opportunities and challenges for 6G and beyond, in IEEE Access, vol. 7, pp. 78729-78757, 
2019. doi: 10.1109/ACCESS.2019.2921522 

[2] I. E Akyildiz, J. M. Jornet, and C. Han, ‘Terahertz band: Next frontier for wireless 
communications, Physical Communication, vol. 12, pp. 16-32, Sept. 2014. 

[3] S. S. Dhillon, et. al., “The 2017 terahertz science and technology roadmap’, Journal of Physics 
D: Applied Physics 2017, 50, 043001. 

[4] J. Takeuchi et. al. ‘10-Gbit/s Bi-directional wireless data transmission system using 120- 
GHz-band ortho-mode transducers, 2012 IEEE Radio and Wireless Symposium, 2012, 
pp. 63-66. 

[5] R. Taoriand and A. Sridharan. ‘Point-to-multipoint in-band mmwave backhaul for 5G 
networks,’, IEEE Communications Magazine, pp. 195-201, Jan. 2015. 

[6] I. F. Akyildiz, JM. Jornet, and C. Han, “TeraNets: Ultra-broadband communication networks 
in the terahertz band; IEEE Commun. Mag., vol. 21, no. 4, pp. 130-135, Aug. 2014. 

[7] H. Elayan, O. Amin, B. Shihada, R. M. Shubair and M. Alouini, ‘Terahertz Band: The Last 
Piece of RF Spectrum Puzzle for Communication Systems, IEEE Open Journal of the 
Communications Society, vol. 1, pp. 1-32, 2020, doi: 10.1109/OJCOMS.2019.2953633 

[8] Z. Zhang et al., ‘6G wireless networks: Vision, requirements, architecture, and key technolo- 
gies, IEEE Vehicular Technology Mag., vol. 14, no. 3, Sept. 2019, pp. 28-41. 

[9] E. Calvanese Strinati et al., ‘6G: The next frontier: From holographic messaging to artificial 
intelligence using sub- terahertz and visible light communication,’ IEEE Vehicular Technology 
Mag., vol. 14, no. 3, Sept. 2019, pp. 42-50. 

[10] Khaled B. Letaief, Wei Chen, Yuanming Shi, Jun Zhang, Ying-Jun Angela Zhang, ‘The roadmap 
to 6G: Al empowered wireless networks’, Communications Magazine IEEE, vol. 57, no. 8, pp. 
84-90, 2019. 

[11] N. Rajatheva et al., ‘White paper on broadband connectivity in 6G, June 2020. [Online]. 
Available: http://urn.fi/urn:isbn:9789526226798 

[12] P. Yang, Y. Xiao, M. Xiao, and S. Li, ‘6G wireless communications: Vision and potential 
techniques, IEEE Network, vol. 33, no. 4, pp. 70-75, July 2019. 

[13] Z. Pi and E Khan, ‘An introduction to millimeter-wave mobile broadband systems, IEEE 
Comm. Magazine, pp. 101-107, June 2011. 

[14] T.S. Rappaport et al., ‘Millimeter wave mobile communications for 5G cellular: It will work!’, 
IEEE Access, pp. 335-349, May 2013. 

[15] T. Ku'rner, ‘THz communications — An overview and options for IEEE 802 standardization, 
IEEE 802.15-18-0516-02-0thz, Nov. 2018. 

[16] T. Nagatsuma et al. ‘Advances in terahertz communications accelerated by photonics, Nature 
Photonics 10, 371-379 (2016). 

[17] X. Li, et al., ‘Fiber-wireless-fiber link for 100-Gb/s PDM-QPSK signal transmission at W- 
band, IEEE Photon. Technol. Lett., July 2014. 


Terahertz Front End Technology 375 


[18] 


[19] 


[20] 


[21] 


[22] 


[23] 


[24] 


[25] 


[26] 


[27] 


[28] 


[29] 


[30] 


[31] 


[32] 


[33] 


[34] 


W. Steyaert and P. Reynaert, ‘A 0.54 THz signal generator in 40 nm bulk CMOS with 22 GHz 
tuning range and integrated planar antenna, IEEE J. Solid-State Circuits, vol. 49, no. 7, pp. 
1617-1626, July 2014. 

I. Kallfass, F. Boes, T. Messinger, J. Antes, A. Inam, U. Lewark, A. Tessmann, and R. 
Henneberger, ‘64 Gbit/s transmission over 850 m fixed wireless link at 240 GHz carrier fre- 
quency,’ J. Infrared Millim. Terahertz Waves, vol. 36, no. 2, pp. 221-233, 2015. 

I. Ando, M. Tanio, M. Ito, T. Kuwabara, T. Marumoto, and K. Kunihiro, ‘Wireless D-band 
communication up to 60 Gbit/s with 64QAM using GaAs HEMT technology, Radio and 
Wireless Symposium (RWS), 2016 IEEE. IEEE, 2016, pp. 193-195. 

X. Mei, W. Yoshida, M. Lange, J. Lee, J. Zhou, P.-H. Liu, K. Leong, A. Zamora, J. Padilla, S. 
Sarkozy et al., ‘First demonstration of amplification at 1 THz using 25-nm InP high electron 
mobility transistor process, IEEE Electron Device Lett., vol. 36, no. 4, pp. 327-329, 2015. 
K. M. K. H. Leong et al., 850 GHz receiver and transmitter front-ends using InP HEMT, 
IEEE Transactions on Terahertz Science and Technology, vol. 7, no. 4, pp. 466-475, July 
2017, doi: 10.1109/TTHZ.2017.2710632. 

A.B. Amado-Rey et al., ‘Analysis and development of submillimeter-wave stacked-FET power 
amplifier MMICs in 35-nm mHEMT technology, IEEE Transactions on Terahertz Science 
and Technology, vol. 8, no. 3, pp. 357-364, May 2018, doi: 10.1109/TTHZ.2018.2801562. 
I. Dan, S. Hisatake, P. Szriftgiser, R. Braun, I. Kallfass and G. Ducournau, “Towards super- 
heterodyne THz links pumped by photonic local oscillators, 2019 44th International 
Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz), Paris, France, 
2019, pp. 1-2, doi: 10.11091RMMW-THz.2019.8873762. 

P. Roux, A. Singh, F. Jorge, M. Moretto and Y. Baeyens, ‘Wideband variable gain amplifier 
for D-band backhaul transceiver in 55nm BiCMOS technology, 2019 IEEE Asia-Pacific 
Microwave Conference (APMC), Singapore, Singapore, 2019, pp. 1313-1315, doi: 10.1109/ 
APMC46564.2019.9038683. 

I. Dan etal.,“A 300-GHz wireless link employing a photonic transmitter and an active electronic 
receiver with a transmission bandwidth of 54 GHz; IEEE Transactions on Terahertz Science 
and Technology, vol. 10, no. 3, pp. 271-281, May 2020, doi: 10.1109/TTHZ.2020.2977331. 
H. Wang (2019). Power Amplifiers Performance Survey 2000-Present. [Online]. 
Available: https://gems.ece.gatech.edu/PA_survey.html 

V. Camarchia, R. Quaglia, A. Piacibello, D. P. Nguyen, H. Wang, and A. Pham, ‘A review of 
technologies and design techniques of millimeter-wave power amplifiers, [EEE Transactions 
on Microwave Theory and Techniques, doi: 10.1109/TMTT.2020.2989792. 

L. Zhang, J. Wen, L. Sun, and T. Wu, ‘A three stage, fully differential D-band power amplifier, 
2014 12th IEEE International Conference on Solid-State and Integrated Circuit Technology 
(ICSICT), Guilin, 2014, pp. 1-3, doi: 10.1109/ICSICT.2014.7021512. 

R. Cleriti et al.,‘D-band LNA using a 40-nm GaAs mHEMT technology, 2017 12th European 
Microwave Integrated Circuits Conference (EuMIC), Nuremberg, 2017, pp. 105-108, 
doi: 10.23919/EuMIC.2017.8230671. 

B. Philippe and P. Reynaert, ‘24.7 A 15 dBm 12.8%-PAE compact D-band power amplifier with 
two-way power combining in 16 nm FinFET CMOS, 2020 IEEE International Solid- State 
Circuits Conference — (ISSCC), San Francisco, CA, USA, 2020, pp. 374-376, doi: 10.1109/ 
ISSCC19947.2020.9062920. 

C. Paoloni et al., “Technology for D-band/G-band ultra capacity layer? 2019 European 
Conference on Networks and Communications (EuCNC), Valencia, Spain, 2019, pp. 209- 
213, doi: 10.1109/EuCNC.2019.8801983. 

L. John, A. Tessmann, A. Leuther, P. Neininger, T. Merkle and T. Zwick, ‘Broadband 300- 
GHz Power Amplifier MMICs in InGaAs mHEMT Technology, IEEE Transactions on 
Terahertz Science and Technology, vol. 10, no. 3, pp. 309-320, May 2020, doi: 10.1109/ 
TTHZ.2020.2965808. 

D. Yang, J. Wen, M. He and R. He, ‘A D-band monolithic low noise amplifier on InP HEMT 
technology, 2018 12th International Symposium on Antennas, Propagation and EM Theory 
(ISAPE), Hangzhou, China, 2018, pp. 1-4, doi: 10.1109/ISAPE.2018.8634087. 


376 


Next Generation Wireless THz Networks 


[35] 


[36] 


[37] 


[38] 
[39] 


[40] 


[41] 


[42] 


[43] 


[44] 


[45] 
[46] 


[47] 


[48] 


[49] 


[50] 
[51] 


[52] 
[53] 


[54] 


[55] 


C. M. Cooke et al., ‘A 220 GHz dual channel LNA front-end for a direct detection polari- 
metric receiver, 2019 IEEE MTT-S International Microwave Symposium (IMS), Boston, MA, 
2019, pp. 508-511, doi: 10.1109/MWSYM.2019.8701101. 

E Thome et al., ‘Frequency multiplier and mixer MMICs based on a metamorphic HEMT 
technology including Schottky diodes, IEEE Access, vol. 8, pp. 12697-12712, 2020, 
doi: 10.1109/ACCESS.2020.2965823. 

Rui Xu, Steven Gao, Benito Sanz Izquierdo, Chao Gu, Patrick Reynaert, Alexander Standaert, 
Gregory J. Gibbons, Wolfgang Bosch, Michael Ernst Gadringer and Dong Li, ‘A review of broad- 
band low-cost and high-gain low-terahertz antennas for wireless communications applications,’ 
IEEE Access, vol. 8, pp. 57615-57629, 2020. doi: 10.1109/ACCESS.2020.2981393. 

L. Devlin, ‘The future of mm-wave packaging, Microw. J., vol. 57, p. 24, Feb. 2014. 

H. Knapp et al ‘Three-channel 77 GHz automotive radar transmitter in plastic package’, 
Proceedings of the 2012 RFIC Symposium, pp. 119-122. 

W. Hartner, M. Fink, G. Haubner, C. Geissler, J. Lodermeyer, M. Niessner, F. Arcioni and M. 
Wojnowski, ‘Reliability and performance of wafer level fan out package for automotive radar; 
2019 International Wafer Level Packaging Conference (IWLPC), San Jose, CA, USA, 2019, 
pp. 1-11. 

K. Tsukashima, M. Kubota, O. Baba, T. Kawasaki, A. Yonamine, T. Tokumitsu and Y. Hasegawa, 
‘E-band receiver and transmitter modules with simply reflow-soldered 3-D WLCSP MMIC’s,’ 
2013 European Microwave Integrated Circuit Conference, Nuremberg, 2013, pp. 588-591. 
A. Tessmann et al., ʻA 300 GHz mHEMT amplifier module, 2009 IEEE International 
Conference on Indium Phosphide & Related Materials, Newport Beach, CA, 2009, pp. 
196-199. 

L. Samoska et al., ‘Miniature packaging concept for LNAs in the 200-300 GHz range, 2016 
IEEE MTT-S International Microwave Symposium (IMS), San Francisco, CA, 2016, pp. 1-4. 
Y. Kawano et al., ‘Flip chip assembly for sub-millimeter wave amplifier MMIC on polyimide 
substrate, 2014 IEEE MTT-S International Microwave Symposium (IMS2014), Tampa, FL, 
2014, pp. 1-4. 

S. Monayakul et al., ‘Flip-Chip Interconnects for 250 GHz Modules, IEEE Microwave and 
Wireless Components Letters, vol. 25, no. 6, pp. 358-360, June 2015. 

S. Sinha et al., ‘Flip-chip approach for 500 GHz broadband interconnects, IEEE Transactions 
on Microwave Theory and Techniques, vol. 65, no. 4, pp. 1215-1225, April 2017. 

W. R. Deal et al., ‘Demonstration of a 0.48 THz amplifier module using InP HEMT 
transistors, IEEE Microwave and Wireless Components Letters, vol. 20, no. 5, pp. 289-291, 
May 2010. 

M. Urteaga et al., ‘InP HBT integrated circuit technology for terahertz frequencies, 2010 IEEE 
Compound Semiconductor Integrated Circuit Symposium (CSICS), Monterey, CA, 2010, 
pp. 1-4. 

A. Tessmann et al., ‘Metamorphic HEMT MMICs and modules operating between 300 and 
500 GHz; IEEE Journal of Solid-State Circuits, vol. 46, no. 10, pp. 2193-2202, Oct. 2011. 
Robert E. Collin, Foundations for Microwave Engineering, 2nd ed., Wiley-IEEE Press, 2001. 
Recommendation ITU-R P.838-2, Specification attenuation model for rain for use in predic- 
tion methods, 2003. 

Recommendation ITU-R P.676: Attenuation by atmospheric gases, 2013. 

H. Linpu, Z. Zhigang and Z. Jian, ‘A low-cost 10-Gbit/s millimeter-wave wireless link working 
at E-band, Journal of Communications and Information Networks, vol. 1, no. 2, pp. 109- 
114, Aug. 2016, doi: 10.1195 9/j.issn.2096-1081.2016.035. 

E Magne, A. Ramirez, C. Paoloni, ‘Millimeter wave point to multipoint for affordable high 
capacity backhaul of dense cell networks’, IEEE Wireless Communications and Networking 
Conference 2018, WCNC 2018, Barcelona, Spain, April 2018. 

Shi, L, Ni, Q., Pervaiz, H., Paoloni, C., ‘Modeling and analysis of point-to-multipoint 
millimeter-wave backhaul networks’, IEEE Transactions on Wireless Communications, vol. 
18, no. 1, pp. 268-285, January 2019. 


Terahertz Front End Technology 377 


[56] 


[57] 
[58] 


[59] 


[60] 


[61] 


[62] 


[63] 


[64] 


[65] 


[66] 


[67] 


[68] 


[69] 


[70] 


[71] 


[72] 


[73] 


[74] 


[75] 


[76] 


R. J. Barker et al., Modern Microwave and Millimeter-Wave Power Electronics, Wiley-[EEE 
Press, 2005. 

www.ultrawave2020.eu — website [on line]. 

C. Paoloni et al. “D-band point to multi-point deployment with G-band transport; European 
Conference on Networks and Communications 2020, EUCNC 2020 — Online. 

R. Basu, L. R. Billa, R. Letizia and C. Paoloni, ‘Design of sub-THz traveling wave tubes for 
high data rate long range wireless links’, Semicond. Sci. Technol. vol. 33, p. 124009, 2018. 
C. Paoloni, F. Magne, F. Andre, J. Willebois, T.L. Quang, X. Begaud, G. Ulisse, V. Krozer, R. 
Letizia, M. Marilier, A. Ramirez and R. Zimmerman, ‘Transmission hub and terminals for 
point to multipoint W-band TWEETHER system’, EUCNC 2018, Ljubljana, June 2018. 

C. Paoloni, F Magne, V. Krozer, R. Letizia, E. Limiti, M. Marilier, S. Boppel, A. Ramirez, 
B. Vidal, T. Le and R. Zimmerman, ‘Technology for D-band/G-band ultra capacity layer’, 
European Conference on Networks and Communications (EuCNC), Valencia (Spain), 18-21 
June 2019. 

F. André et al., ‘Technology, assembly, and test of a w-band traveling wave tube for New 5G 
high-capacity networks, IEEE Transactions on Electron Devices, vol. 67, no. 7, pp. 2919- 
2924, July 2020, doi: 10.1109/TED.2020.2993243. 

R. Basu, L. Billa, J. Mahadev Rao, R. Letizia, and C. Paoloni, ‘Design and fabrication of a D- 
band traveling wave tube for millimeter wave communications’, IRMMW-THZ2019, Paris, 
Sept. 2019. 

ECC Recommendation (18)01 on ‘Radio frequency channel/block arrangements for Fixed 
Service systems operating in the bands 130-134 GHz, 141-148.5 GHz, 151.5-164 GHz and 
167-174.8 GHz. 

E. Khorov, A. Kiryanov, A. Lyakhov and G. Bianchi, ‘A tutorial on IEEE 802.11ax high effi- 
ciency WLANs, IEEE Commun. Surv. Tut., vol. 21, no. 1, pp. 197-216, 1st Quarter 2019. 
C. Paoloni et al., “Toward 100 Gbps wireless networks enabled by millimeter wave Traveling 
Wave Tubes,’ 2018 IEEE International Vacuum Electronics Conference (IVEC), Monterey, CA, 
2018, pp. 417-418, doi: 10.1109/IVEC.2018.8391528. 

ULTRAWAVE Deliverable 2.2 ‘Final System and Components Specifications based on the evo- 
lution of the technological processes’ http://ultrawave2020.eu/wp-content/uploads/2018/12/ 
D2-2-ULTRAWAVE-Final-system-and-components-specifications-_public.pdf 

A. Ramirez et al., ‘D-band Point to MultiPoint Wireless Testbed, European Conference on 
Networks and Communications 2020, EUCNC 2020. Online 

C.S. Pattichis, E. Kyriacou, S. Voskarides, M.S. Pattichis, R. Istepanian and C.N. Schizas (2002). 
“Wireless telemedicine systems: an overview. IEEE Antennas and Propagation Magazine, vol. 
44, no. 2, pp. 143-153. 

F. Giust, V. Sciancalepore, D. Sabella, M.C. Filippou, S. Mangiante, W. Featherstone and 
D. Munaretto (2018). ‘Multi-access edge computing: The driver behind the wheel of 5G- 
connected cars.’ IEEE Communications Standards Magazine, vol. 2, no. 3, pp. 66-73. 

E. Budish, P. Cramton and J. Shim. ‘The high-frequency trading arms race: Frequent batch 
auctions as a market design response.’ The Quarterly Journal of Economics, vol. 130, no. 4, 
pp. 1547-1621, 2015. 

Siva Muruganathan, et al. ‘On the system-level performance of coordinated multi-point trans- 
mission schemes in 5G NR deployment scenarios.’ 2019 IEEE 90th Vehicular Technology 
Conference (VTC2019-Fall). IEEE, 2019. 

www.3gpp.org/release-16 

M. H. Alsharif, et al. ‘Green and sustainable cellular base stations: An overview and future 
research directions’, Energies 10(5), 587, 2017. 

S. Rommel, T. R. Raddo, U. Johannsen, C. Okonkwo and I. Tafur Monroy, ‘Beyond 5G - 
wireless data center connectivity’, Photonics West 2019, San Francisco, CA. 

M. Beltran, M. Morant, J. Perez, R. Llorente and J. Marti. ‘Photonic generation and frequency 
up-conversion of impulse-radio UWB signals.” In LEOS 2008-21st Annual Meeting of the 
IEEE Lasers and Electro-Optics Society, pp. 498-499). IEEE, 2008, November. 


378 


Next Generation Wireless THz Networks 


[77] 


[78] 


[79] 


[80] 
[81] 


[82] 


M. Morant, A. Trinidad, E. Tangdiongga, T. Koonen and R. Llorente, ‘Dual-wavelength 
integrated K-band multi-beamformer operating over 1-km 7-core multicore fiber,” Optical 
Fiber Communication Conference (OFC) 2020, OSA Technical Digest (Optical Society of 
America, 2020), paper M414. 

J Zhao, Y. Liu and T. Xu. ‘Advanced DSP for coherent optical fiber communication.’ Appl. Sci. 
vol. 9, p. 4192, 2019. 

G. Peralta, M. Iglesias-Urkia, M. Barcelo, R. Gomez, A. Moran and J. Bilbao, ‘Fog com- 
puting based efficient IoT scheme for the Industry 4.0, 2017 IEEE International Workshop of 
Electronics, Control, Measurement, Signals and their Application to Mechatronics (ECMSM), 
Donostia-San Sebastian, 2017, pp. 1-6, doi: 10.1109/ECMSM.2017.7945879. 

5G Automotive Association (SGAA). Available online: www.5gaa.org 

5G Alliance for Connected Industries and Automation (5GACIA). Available online: www.Sgaa. 
org 

Third Generation Partnership Project (3GPP). Available online: www.3gpp.org 


Chapter 14 


Terahertz Waveguides for Next 
Generation Communication Network 


Needs, Challenges and Perspectives 
Kathirvel Nallappan," Hichem Guerboukha, Yang Cao, 


Guofu Xu, Chahe Nerguizian, Daniel M. Mittleman, and 
Maksim Skorobogatiy 


* Equal contribution 


Contents 
14.1 Introduction 379 
14.2 Applications of THz Waveguides/Fibers for Communication 381 
14.2.1 Telecommunication Applications 381 
14.2.2 Data Centers 381 
14.2.3 Vehicular Communication and Distributed Antennas/Sensors 381 
14.2.4 Transmission of Uncompressed Ultra-High-Definition Videos 382 
14.2.5 Intra/Inter-Chip Communications 382 
14.3. Challenges and Important Parameters of THz Waveguides 382 
14.3.1 Losses 384 
14.3.2 Excitation Efficiency 385 
14.3.3 Dispersion 387 
14.3.4 Flexibility, Bending Losses, and Fabrication Considerations 388 
14.4 Types of Waveguides 389 
14.4.1 Metallic Waveguides 390 
14.4.1.1  Single-Wire and Two-Wire Waveguides 390 
14.4.1.2 Metallic Parallel Plate Waveguides 392 
14.4.2 Dielectric Waveguides 394 
14.4.2.1 Hollow-Core Dielectric Waveguides 394 
14.4.2.2 Porous Core Dielectric Waveguides 396 
14.4.2.3 Solid Core Subwavelength Dielectric Waveguides 396 
14.5 THz Waveguides as Communications Devices 398 
14.5.1 Dispersion Compensation Waveguides 398 
14.5.2 Frequency-Division Multiplexing with Metallic Parallel-Plate 
Waveguides 401 
14.5.3 Couplers, Splitters, and Add-Drop Multiplexers 402 
14.6 Conclusion 405 


14.1 Introduction 


The terahertz (THz) frequency band (0.1-10 THz) is considered by many as the next 
frontier of ultra-high-speed communication systems [1-4]. Until now, most of the works 
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have been focusing on demonstrating free-space wireless links that take advantage 
of several modestly low-loss atmospheric transmission windows [5,6]. Wireless THz 
communications hold many advantages, including convenience in mobility for the end- 
user, ease in scaling up the network, and flexibility of device interconnectivity. They can 
be deployed for static (fixed transmitter and receiver) and dynamic (moving transmitter 
and/or receiver) operations, for both long-term (e.g., workspace networks) and short- 
term (e.g., live sports event telecasting) applications. Many challenges remain, however. 
For example, the THz beam’s directional nature requires careful alignment of the trans- 
mitter and receiver antennas to maintain the reliability of the communication link. This 
requirement is even more crucial when the line-of-sight link is easily compromised, for 
example, in complex building architectures, around corners, and between moving objects. 
Moreover, atmospheric weather conditions such as rain and snow negatively impact the 
performance and reliability of the wireless link, requiring a constant reevaluation of the 
transmitted link power. At the same time, this power must be maintained low to minimize 
the effect of interference to the neighboring wireless THz devices, especially in ultra-dense 
networks [7]. Compared to radio/microwave communication, the highly directional THz 
beam is, by itself, a great defense against security threats. However, recent studies have 
shown that eavesdropping in free-space THz links is still possible [8] and therefore it 
should be taken into account when establishing secured THz networks. 

Given these limitations, short-range THz fiber/waveguide links can provide additional 
opportunities when designing future THz networks. In this context, it is important to 
note that THz fibers are not meant to replace optical fiber communication at infrared fre- 
quencies. They can, however, strengthen in various ways the performance, reliability, and 
stability of THz networks by giving them the choice between wired and wireless commu- 
nication links. Indeed, THz waveguides hold many advantages to some of the challenges 
mentioned earlier. They can cover complex geometrical paths while offering robust coup- 
ling to the receiver and transmitter in both static and dynamic operations. They enclose the 
THz radiation in a highly controlled propagation environment, thus immunizing the data 
stream from environmental factors and eavesdropping threats. For very short distances, 
the fibers outperform wireless-based communications links, which is also efficient in terms 
of power consumption. Finally, in addition to the simple transport of information, the 
waveguides can also be remarkable tools for signal processing, beam steering, routing, 
multiplexing and so on. 

In this chapter, we cover the most recent developments of THz waveguides applied 
to communications. In more than two decades of THz science and technology, THz 
waveguides have been thoroughly studied in numerous research works, including sev- 
eral excellent comprehensive reviews [9-13]. However, only recently, THz waveguides for 
communications has been the subject of increased interest [14-18]. This chapter intends 
to provide an up-to-date state-of-the-art on the topic. We begin by introducing in Section 
14.2 a few practical examples where THz fibers can bring additional benefits to wireless 
links. Then, in Section 14.3, we highlight key parameters to consider when designing 
THz waveguides for communications, including losses, dispersion, excitation efficiency, 
and fabrication techniques. In Section 14.4, we then study several types of waveguides 
developed in the past years. These include metallic waveguides (wire waveguides and 
parallel plate waveguides) as well as dielectric waveguides (hollow-core, porous, and 
solid core waveguides). Finally, in Section 14.5, we discuss additional applications 
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of THz waveguides as integrated devices designed to support both wired and wireless 
communications networks. 


14.2 Applications of THz Waveguides/Fibers for Communication 


In this section, we present potential applications of THz waveguides within the context 
of high-speed communication networks. As the deployment of these networks is still in 
its infancy, it is difficult to give a complete picture of future applications. As such, the 
following list of examples is by no means exhaustive but can provide general ideas on how 
THz wireless networks can benefit from the addition of THz waveguides. 


14.2.1 Telecommunication Applications 


Current wireless technologies require few access points to cover large areas. For example, 
in workspaces and shopping malls, few wireless routers are necessary to provide internet 
access to a large and scattered number of moving users. This is mainly due to the use of 
carrier frequencies below 6 GHz that can cover relatively large areas. In contrast, when 
increasing the operating frequency to the THz range, the effect of propagation losses 
becomes higher, and the beam can span shorter distances. Therefore, more access points 
are necessary to cover the entire space. These access points are generally physically fixed, 
preferably in the ceilings [19,20]. In this context, THz waveguides can be used to bridge 
the different access points from one another while ensuring a direct communication link 
to a single central server. Similar architectures could be used in home and office networks 
for high-speed wireless internet access. 


14.2.2 Data Centers 


Data centers contain a collection of high-performance servers, computers, and associated 
devices that are today predominantly linked together using wired networks. In some 
scenarios, it can be beneficial to use high-speed wireless data transmission, for example, 
to reduce the cabling cost and/or to connect distant server rooms [21,22]. THz waves are 
particularly well suited for the task due to their ability to transfer large amounts of data. 
However, the use of THz fibers may be unavoidable in certain situations. For example, 
they can be necessary to route the signals between devices that lack direct line-of-sight 
communication links. 


14.2.3 Vehicular Communication and Distributed Antennas/Sensors 


Intelligent vehicles, including self-driving cars, will play a significant role in future trans- 
portation systems for both moving passengers and cargo. These autonomous vehicles 
include a variety of sensors meant to perceive their surroundings and identify safe and 
optimal paths. In some approaches, the computing brain of this future transportation 
system is located in a cloud network that is physically separated from the vehicle. The 
increased number of sensors requires a large volume of data to be transmitted to achieve 
centimeter-level precision for efficient and safe transportation. In such scenarios, the infor- 
mation transmission between the cloud network and a signal processing unit embedded in 
the vehicle could be handled by a THz wireless link, but a THz waveguide could be used 
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to establish the links between various on-board sensors and this processing unit [23-25]. 
Similarly, remote communication in airplanes and naval ships requires several antennas 
that must be placed at different parts to receive the highly directional THz wireless signals 
from ground stations or geostationary satellites. THz fibers can thus be used to interface 
between the antennas and the signal processing unit located deep inside the vehicles. 


14.2.4 Transmission of Uncompressed Ultra-High-Definition Videos 


Transmission of uncompressed ultra-high-definition videos is one of the most not- 
able applications of THz communications [26,27]. Such uncompressed videos can cap- 
ture an object’s in-depth information at 4K/8K resolutions (and beyond) that can be 
analyzed in detail using ultra-high zoom features. Traditional wireless systems cannot 
handle the required amount of data transfer, especially for live streaming. THz wireless 
communications are thus highly relevant for these large-scale video systems for industrial, 
entertainment, and security applications. For example, a central room can be remotely 
connected to high-quality video cameras placed in various fixed places, such as around 
a stadium for a live sports event, in harsh industrial environments for quality control, or 
in unmanned aerial vehicles for surveillance purposes. While the traditional wireless THz 
link can be used for point-to-point communication, the THz fibers could support non-line- 
of-sight links. 


14.2.5 Intra/Inter-Chip Communications 


With the growing demand for speed and performance in the electronics industry, the input/ 
output pins cannot keep up with the increased bandwidth requirement. At the junction 
between traditional microwaves and optical frequencies, THz interconnects hold high 
promise for better performance by taking advantage of both high-speed electronic devices 
and low-loss optical channels [27-29]. These THz data channels can be considered as 
short waveguides, and they can be fabricated using silicon, for example, which is a low- 
loss material in the THz range while being readily available in the semiconductor industry. 


14.3 Challenges and Important Parameters of THz Waveguides 


In this section, we detail important challenges when designing THz waveguides for com- 
munication applications. In particular, we highlight the need to control the losses, exci- 
tation efficiency, dispersion, flexibility, bending losses, and fabrication techniques. These 
parameters can be summarized in the following equation that relates the electric field at 
the output Es, (@) to the input electric field E, (@) for a waveguide of length L [12]: 


E, (@) = C (@)C, (@) En (@) exp(—.¢ (@) L / 2) exp(—jBe (@) L) (14.1) 


where œ= 27v is the angular frequency and v the frequency. C, (œ) and C, (œ) are the 
input and output coupling coefficients; Oa (0) is the effective power absorption losses; 


o 
Ba (@)= Tralo) is the propagation constant where n (0) is the effective refractive 


index and c the speed of light. 
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Figure 14.1 The typical experimental setup used to measure the power losses and effective refractive index 
of a THz waveguide. The input end of the fiber is placed at a focal distance from a parabolic 
mirror. The output radiation is collected by a movable parabolic mirror that can accommodate 
different lengths of fibers. 


In the THz range, both amplitude and phase of the THz radiation can be measured 
using particular experimental systems: THz time-domain spectroscopy (THz-TDS) and 
continuous-wave spectroscopy (CW-THz) [30,31]. The cut-back method is one of the 
useful techniques used to extract the absorption losses (0.4) and the propagation constant 
(Bas) from measurements involving these systems [9] (Figure 14.1). Within this method, 
transmission measurements are performed on two waveguides of lengths L and L,. Ideally, 
the same waveguide is used and cut to obtain a measurement for a second length. We are 
interested in computing the complex transmission ratio of both transmission lengths 
Fla (@)/ E2,.(@), where the superscripts indicate the fiber. Because we assume that the 
same waveguide is used within the same experimental configuration, we can assume that 
the electric field inputs (E!,(@) = E?,(@)) are equal as well as the coupling coefficients ( 


in 


C! = Cj, C} = C2). Therefore, we can write: 


= exp] SLL, 1,) |exp[-iBa (t ~12)] (14.2) 


from which we can directly compute the power losses 


E! 
A edi ou (0) (14.3) 
Li-L, |Eau(0) 
and the propagation constant 
Fou (0) 
- hase| 22" 14.4 
ME SE e 


In the following subsections, we study in detail the different parameters presented 
here and how they specifically impact the data transmission when applied to 
communications. 
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14.3.1 Losses 


The parameter Œ (@) describes the power losses incurred by THz radiation when propa- 
gating through the waveguide. These losses must be minimized to ensure highly efficient 
waveguide links. They are mainly influenced by the material choice and waveguide geom- 
etry. Figure 14.2 presents the refractive index and power absorption losses of conventional 
dielectric polymers used in the fabrication of THz waveguides. While the refractive indices 
are generally approximately constant on the THz band, their absorption losses typically 
increase polynomially with the frequency [32]. Although these materials show the lowest 
losses in the THz range, they still can exhibit quite significant losses (~ cm~'), thus limiting 
the maximal propagation length before complete attenuation. Assuming a propagation 
length L and power absorption &, the output-to-input power ratio is given y = el. For 
example, considering a material with power losses of 1 cm=!, the power drops to half | 
y = 0.5, 3 dB losses) after propagating only ~6.9 mm. 

In comparison, dry gases (such as air) show negligible absorption in THz atmospheric 
transmission windows far from absorption lines [6,33]. Therefore, an important strategy 
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Figure 14.2 (a, b) Refractive index and (c, d) extinction coefficient of common dielectric polymers. The 
extinction coefficient K is related to power absorption losses œ by a = 2K/ œc. Reprinted 
from Wietzke S. et al., Terahertz spectroscopy on polymers:A review of morphological studies, 
Journal of Molecular Structure, 1006, 41-51, Copyright (2011), with permission from Elsevier. 
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used in the design of THz waveguides is to maximize the power guided in air. As we show 
in Section 14.4, this can be realized using metallic waveguides, subwavelength single-core 
fibers, hollow-core waveguides, and porous structures. 


14.3.2 Excitation Efficiency 


The excitation (or coupling) efficiency to (and from) the waveguide is a crucial parameter 
that dictates the waveguide’s ability to transfer energy and therefore the data. In Equation 
(14.1), C (@) and C, (œ) are the frequency-dependent coupling coefficients, whose values 
are bounded between 0 and 1, where 0 indicates a null energy transfer, while 1 indicates a 
complete energy transfer. C, (œ) is the input coefficient (from air to the waveguide), while 
C, (œ) is the output coefficient (from waveguide to air). Typically, one wants to increase 
both coupling coefficients to improve the transmission link. 

In general, when light reaches an interface of dissimilar media (different refractive 
index), a portion of the energy is reflected by the interface while the remainder is trans- 
mitted. Fresnel transmission coefficients characterize the amount of energy transferred 
through the interface. Assuming an interface between medium 1 (4,) and medium 2 (ñ) 
and a normal incidence from medium 1 to 2, the Fresnel reflection (7,_,,) and transmission 
(t2) coefficients for the amplitude of the fields are [34]: 


în -ñ 


fi, = ——— Reflection coefficient (amplitude) 
+ñ, 
ne (14.5) 
ts = ic Transmission coefficient (amplitude) 
i, +i, 


where ~ indicates the complex material refractive index: ñ> = m — ku. The imaginary 
part kı > of the refractive index is related to the power losses a,» through k;, = œ 3c / 47v. 
For example, for coupling from air (ñ = ñir = 1) to the waveguide (ñ, = fg = net — ke) 
Equation (14.5) reduces to: 


1-n : = : y : 
fisen = T Reflection coefficient (amplitude, air to waveguide) 
Pest + (14.6) 
air-»waveguide = Dah Transmission coefficient (amplitude, air to waveguide) 
eff 


In general, the material losses for waveguide applications are intended to be small, such 
that 1,4 > kep. Thus, one can avoid using complex refractive indices and simply replace 
7, by ma. Due to energy conservation, the sum of the transferred and reflected energy 
follows oa + eel = 1. From Equation (14.6), the reflection is minimized (maximized 
transmission) when re — 1, which can be achieved by maximizing the fraction of power 
propagating in air. On the other hand, when n. — œ, the waveguide essentially acts as 
a mirror and reflects the incident power entirely. For a general formulation considering a 
non-perpendicular incident beam, see [35]. There, the Fresnel coefficients depend on the 
polarization of the incident beam. In particular, one can show that the reflection is zero 
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for the parallel polarization at the Brewster’s angle 0, = atan (m, / n). The ends of optical 
fibers are often cut at this angle to minimize back-reflections. 

Under the waveguide mode theory, the coupling coefficients can be computed using a 
mode-matching method. Knowing the input and waveguide modes, one can obtain numer- 
ical solutions and, in some cases, analytical expressions of the coupling coefficients [36]. 
Consider Enum and Fy the electric and magnetic vector fields of the incident beam (index 
in) and the waveguide mode (index m). The electromagnetic fields of the two modes must 
be continuous across the coupling interface (waveguide’s input end), thus leading to the 
following mode-matching integral [36]: 


[J dxdy( È; x H,, + E,, x H 


-) 14.7 
"2 ff] dxdyRe(È; x A, )yff dxdyRe(È; x x Hy) Á 


where Cn is the excitation efficiency for the mode m and * denotes the complex conjugate. 
From Equation (14.7), we deduce that the fields must be geometrically superimposed 
to ensure high coupling. This is true for the amplitude, but also the polarization. This 
means that, in general, one needs to make sure that both the input and waveguide 
modes have vector fields of similar orientations. THz radiation is commonly generated 
from emitters with linear polarization; therefore, a linearly polarized waveguide mode 
is preferable. 

In a typical numerical experiment, a mode-solver algorithm computes the excited modes 
of the waveguide, namely the complex effective refractive indices (eigenvalues) and the 
corresponding electromagnetic fields modal distributions (eigenvectors). Examples of 
such calculations can be found in [37,38]. There, Equation (14.7) is used to calculate the 
coupling coefficients, assuming (Eola to be known. For example, typically, the input 
mode is assumed to be a linearly polarized Gaussian beam propagating in air and focused 
using a spherical lens. In this case, since the input is treated as a free-space beam, this 
approach is known as “quasi-optic” coupling in analogy with the typical treatment of 
optical waveguides. Assuming that the propagation is in the z direction and that the elec- 
tric field is polarized in the x direction, the Gaussian input beam can be written as: 


E (xy) = exp|- ls (14.8) 


The corresponding magnetic field can be computed from the electric field using one of 


Maxwell’s equations H,,, = £ -0 Ÿ x E,,, where lọ is the vacuum permeability. In Equation 


ind 


(14.8), the parameter o is re standard deviation of the Gaussian beam width and can 
be related to its full width at half maximum (FWHM) through FWHM = 2¥V2In2o. 
According to Gaussian beam theory [39], o is related to the wavelength and the focusing 
optics through 


o- Ea 045025 CA, (14.9) 


THz Waveguides for NextGen Communication 387 


where F and D are the focal length and diameter of the focusing optics. Therefore, to 
ensure a high quasi-optic coupling, the waveguide mode must be compatible in size with 
the input beam by selecting the appropriate focal length, diameter, and wavelength. 


14.3.3 Dispersion 


Dispersion is another crucial parameter to control while designing fibers for long-distance 
and high bitrate communications. The origin of dispersion lies in the frequency depend- 
ence of the effective refractive index neg (0). In simple terms, each wavelength contained 
in a pulse propagates at different velocities inside the waveguide, causing the pulse to 
spread in time-domain which reducing the THz spectral bandwidth. In turn, this lowers 
the effective data rate by scrambling the pulse train when adjacent “bits” overlap with 
each other (Figure 14.3). 

The dispersion is typically quantified using a Taylor expansion of the propagation con- 


stant Bic = P ii (@). The second-order term f, is the group velocity dispersion (GVD): 
c 


2 2 
_ Bare _ 2 dng EN O dinu (14.10) 
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When used in the THz range, the GVD is generally expressed in ps /(THz-cm), that is 
ps of time broadening at a given THz frequency and for a given fiber length in cm [40]. 
A positive B, characterizes a waveguide with a normal dispersion (GVD increases with 
the frequency or red shift), while a negative B, indicates an anomalous dispersion (GVD 
decreases with the frequency or blue shift). 

To give a simple idea on how #, affects the pulse width, consider a Gaussian pulse in 
time-domain E, (t) exp(—t? /21$), where T) is the characteristic time width related to 
the FWHM of the pulse by Trwsy, = 2Vin2T. After propagating through a waveguide of 
length L and dispersion B,, the initial Gaussian pulse is transformed into another Gaussian 
of larger width: 


[2 
T, = Th aa (14.11) 
D 


where Lp = Tẹ /]B2|is defined as the dispersion length. The broadening of the pulse caused 
by the fiber dispersion can be used to estimate the maximal bit rate. For on-off keying 


Figure 14.3 Impact of the dispersion on a pulse train. Pulses are broadened in such a way that adjacent bits 
overlap with each other. In this example, the second “0” bit is mistakenly interpreted as “|” at 
the output of the waveguide. 
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(OOK) and amplitude shift keying (ASK) modulation format with a source of small spec- 
tral width [41], the maximal bitrate is: 


ie as (14.12) 


max 4 | 


where the factor 4 is selected to ensure that 95% of the pulse energy remains inside the unit 
bit time slot. For example, considering a THz fiber dispersion of B, = 1ps/(THz:cm),a bit 
rate of 100 Gbit/s can be transmitted up to ~6 m. On the other hand, if B, = 0.01 ps / THz, 
the same bit rate could be transmitted up to 600 m. Therefore, it is crucial to reduce the 
fiber dispersion as much as possible. In Section 14.5.1, we present a dispersion compensa- 
tion waveguide used to compress the pulse train. 

Between the regions of normal and anomalous dispersion, there is a zero-dispersion 
wavelength for which B, = 0. There, the third-order dispersion B, in the fiber still occurs 
and needs to be considered: 


_ dB -3 d'ne 4 O dng 
dæ c dæ c dæ 


B; (14.13) 


This means that even when B, = 0, the third-order dispersion may still limit the maximal 
bitrate to [41]: 


0.324 
IB: |L 


BZ = 


max 


(14.14) 


14.3.4 Flexibility, Bending Losses, and Fabrication Considerations 


One of the main requirements of THz waveguides is the possibility to reach distant areas 
despite complex geometries. This requires flexible waveguides with low bending losses. 
The material and geometry of the waveguide dictate its flexibility while bending losses 
can be mitigated when the THz radiation is well confined in the core. Moreover, the hand- 
ling of the waveguide must be simple enough not to compromise the propagating wave’s 
stability. When necessary, one can use low-index low-loss foam as a cladding material to 
isolate the mode from the environment. Several such examples are shown in Section 14.4. 

Furthermore, the waveguide must be relatively easy to manufacture. The conventional 
fabrication method is fiber drawing, which is borrowed from standard glass fiber tech- 
nology. A preform (~cm-diameter cylinder) is vertically introduced in a furnace which 
is heated to a glass transition temperature that is determined by the material. When the 
preform becomes soft enough, it is pulled down at a constant speed. Several meter-long 
um-diameter fibers can be drawn this way. The fiber drawing technique has been exten- 
sively used in the THz range. Complex waveguide geometries can also be obtained using 
that method. For example, drilling holes in the preform and pressurizing them during 
the drawing process can fabricate fibers with porous cross-section [42]. Two materials 
in the preform can also be drawn at the same time to realize waveguide with alternating 
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refractive index layers [43] or to realize porous waveguides by removing the second 
material with a solvent [44]. In another approach, the preform is directly fed into a 
microstructured extruder to get the desired geometry [45]. 

Recently, advanced prototyping technologies have been getting more attention to design 
THz components such as lenses, beam splitters, and waveguides [46]. These techniques 
can outperform fiber drawing for complex geometries (3D models). The fabricated 
waveguides can be metalized using wet chemistry or simple metallic spray painting [37]. 
Stereolithography and fused deposition modeling (FDM) are conventional 3D printing 
technologies used in the fabrication of THz waveguides. In stereolithography, patterned UV 
light hardens a liquid photopolymer layer by layer to construct a 3D model [30,37,47,48]. 
Stereolithography can achieve high resolution (~50 um) but is limited by the available 
photopolymers, which have significant losses in the THz range [49]. In fused deposition 
modeling, a mm-sized filament is heated to a temperature close to its melting point and 
passes through an extruder nozzle. Mounted on a three-axis stage, this extruder moves 
to deposit the filament layer by layer to construct the 3D object. The resolution is mainly 
determined by the extruder nozzle size (~0.5 mm). The most used filaments are acrylo- 
nitrile butadiene styrene (ABS) and polylactic acid (PLA). Low-loss THz plastics such as 
cyclic olefin copolymer (TOPAS) and polypropylene (PP) have also been used to print 
high-performance THz waveguides. However, in both stereolithography and conventional 
fused deposition modeling, the length of fiber is limited to a few tens of centimeters due 
to the limited printing volume. Recently, Xu et al. showed that polypropylene waveguides 
of infinite length could be 3D-printed using a specially designed 3D printer (BlackBelt, 
Figure 14.4) [50]. 


14.4 Types of Waveguides 


As we saw in the previous section, parameters such as transmission losses, dispersion, exci- 
tation efficiency, and ease of handling play significant roles in the design of efficient THz 
fiber communication links. While the fiber loss and coupling efficiency limit the communi- 
cation link distance, the maximum achievable bit rate can be reduced by the fiber disper- 
sion. Therefore, low transmission loss and low dispersion are the primary concerns when 


Figure 14.4 (a) Cross-section and (b) top view of the “infinite” 3D printed wagon wheel fiber (2 m is shown 
here) using BlackBelt printer. 
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designing THz fibers. In this section, we review several types of existing THz waveguides. 
We cover both metallic and dielectric waveguides. 


14.4.1 Metallic Waveguides 


In metallic THz waveguides, THz radiation propagates at the boundary between a metal 
(support) and a dielectric (propagation medium). Generally, the air is selected as the dielec- 
tric for its low loss and low dispersion properties. In the following, we focus on the single- 
wire and two-wire waveguides as well as the parallel-plate metallic waveguide. 


14.4.1.1 Single-Wire and Two-Wire Waveguides 


The single-wire waveguide is the simplest form of transmission line that guides electro- 
magnetic radiation as surface waves. As the guided mode propagates in air, there is vir- 
tually no dispersion, and the attenuation is mainly caused by metallic ohmic losses [51]. 
In practice, however, efficient excitation is difficult, since the fundamental mode is radi- 
ally polarized with an electric field perpendicular to the transverse section of the bare 
metal wire (Figure 14.5a). This polarization is incompatible with commonly used THz 
sources that tend to produce linearly polarized THz light. To match the guided mode sym- 
metry, Jeon et al. and Deibel et al. proposed to use a radially symmetric photoconductive 
antenna as the THz source, achieving excitation efficiencies higher than 50% [52,53] 
(Figure 14.5b). Another proposed approach uses a tapered coplanar waveguide at the 
input end [54]. Additionally, due to the delocalization of the field around the wire, any 
disturbance caused by nearby objects and micro/macro bends can lead to high radiation 
losses as well as difficulties in mechanical handling. Nonetheless, numerical studies have 
shown that transmission of over terabits per second data stream at a distance of a few 
hundred meters is theoretically achievable (Figure 14.5c) [55]. 

To overcome the challenges posed by the single-wire waveguide, Mbonye et al. proposed 
to position a second metal wire parallel to the first one (Figure 14.5d) [56]. This two-wire 
waveguide geometry ensured that the propagating plasmonic mode is very well confined 
in the interwire gap, granting a better immunization against environmental disturbances 
while maintaining a low-loss and low-dispersion propagation over a broad frequency 
range (Figure 14.5e) [57]. Furthermore, the two-wire waveguide’s fundamental mode is 
linearly polarized (the electric field is directed from one wire to the other), which makes 
it compatible with most commonly used THz sources. In [9], a porous dielectric cladding 
(polystyrene foam) was used to further ease the handling and mechanical stability of the 
two-wire waveguide, at the expense of additional losses and dispersion. 

n [58], Shrestha et al. explored the idea of using the two-wire waveguide to transmit 
high data rates using the modal diversity of the waveguide in the context of digital sub- 
scriber line (DSL) data transmission. To mimic the twisted wire pairs used in conventional 
DSL lines, the authors enclosed the two wires in a metallic sheath designed to support the 
200 GHz radiation and eliminate bending losses. The authors noted the presence of sig- 
nificant mode mixing as the radiating energy was reflected at the metallic interface and 
coupled back in the waveguide. In their case, this mode mixing was an advantage as it was 
used to transmit multiple orthogonal data channels using a multiple-input multiple-output 
(MIMO) strategy. However, additional ohmic losses caused by the metallic cladding lead 
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Figure 14.5 (a—e) Single-wire waveguide. (f-i) Two-wire waveguide. (a) Measurement and simulation of the 
amplitude of the electric field E, around a single-wire waveguide. The detector could only 


measure the electric field in the y direction. Wang. K et al., Metal wires for terahertz wave 
guiding, Nature, 2004 [51] (b) Design and (c) picture of the special radial antenna designed to 
excite the radial mode of the single-wire waveguide. [52] (d) Radius including 90% of the power 
of a single-wire waveguide for three different wire radiuses a. (e) Calculated Shannon capacity 
of the single-wire waveguide as a function of the transmitted power for different link distances 
in the |-100 GHz band. © [2018] IEEE. Reprinted, with permission, from [55] (f) Fundamental 
mode of the two-wire waveguide, where the electric field is confined and linearly polarized 
in the gap. (g) Effective refractive index, (h) absorption losses, and (i) dispersion of the funda- 
mental mode of the two-wire waveguide [57]. 


the authors to conclude that such an approach is limited to short-range (~10 m) commu- 
nication scenarios. 

In general, long two-wire waveguide (>1 m) are inconvenient in practice because the 
inter-wire gap needs to be precisely maintained (at the subwavelength scale), which is chal- 
lenging to achieve for long fiber lengths. For shorter links (<1 m), 3D printing of two-wire 
plasmonic waveguide is a promising fabrication method with high accuracy and reprodu- 
cibility (Figure 14.6). The penetration of THz waves into the metal is only hundreds of 
nanometers. Therefore, a um-thick metal layer can be coated on the surface of the 3D 
printed polymer to fabricate THz metallic waveguides. Furthermore, complex structures 
(e.g., curved two-wire waveguides) can be obtained in a single-step process, in contrast 
with metallic components fabricated with CNC machining. In [59], Cao et al. used 3D 
printing to fabricate a two-wire waveguide (Figure 14.6a,b). Long waveguides could be 
assembled by connecting multiple waveguide sections via the excavations and extrusions 
on both ends of the cages that support the wires. The transmission loss (by field) and coup- 
ling loss (coupling between two waveguide sections) are shown in Figure 14.6c and d 
respectively, revealing remarkable low-loss behavior in the 120-155 GHz band. Curved 
waveguides were also fabricated and connected to other waveguide sections. Due to the 
anisotropic field distribution of the supported THz wave, two kinds of bends were 
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Figure 14.6 (a) Schematic of the 3D printed two-wire waveguide where the two wires are covered in 
metal (black), embedded in air (white), and supported by a 3D printed cage (gray). (b) An 
18-cm long two-wire waveguide assembled from three distinct 6-cm sections and with two 
ends connected to WR6.5 conical horn antennas. (c) The transmission loss and (d) coupling 
loss of two connected waveguide sections. (e) Bending losses of a curved two-wire waveguide. 
Inset shows the geometry for the two bends. Bend |: the axis of rotation is perpendicular 
to the line connecting the wire centers. Bend 2:The axis of rotation is parallel to the line 
connecting the wire centers [59]. 


possible (see inset in Figure 14.6e in which the line connecting the wire centers are parallel 
or perpendicular to the axis of rotation). The measured bending losses (by field) were 
shown to be less than 10 m~ for a bending radius of 10 cm (Figure 14.6e). 


14.4.1.2 Metallic Parallel Plate Waveguides 


Metallic plates placed parallel to each other are simple waveguides that have attracted 
much attention in the THz range [60]. The parallel plate waveguide (PPWG) supports two 
types of modes. Its fundamental mode is the TEM mode, which is the lowest order TM 
mode (TMo) and has no cut-off frequency and hence no dispersion. This TEM mode can 
be excited using a linearly polarized incident light with an electric field normal to the par- 
allel plates (direction y in Figure 14.7a). On the other side, the TE, mode can be excited 
when the electric field is polarized parallel to the PPWG (direction x in Figure 14.7a). 
Compared to the TEM mode with no cut-off frequency, the TE, mode has a low-frequency 
cut-off at f. = c/(2nb), where b is the plate separation and n the refractive index of the 
medium between the plates [61]. Consequently, this cut-off frequency introduces spectral 
filtering at low frequencies and high dispersion for the spectral components near the cut- 
off. However, a careful comparison of the two types of modes shows that the TE, mode 
has low ohmic losses when increasing the frequencies, in opposition to the TEM mode 
[61] (Figure 14.7c). The remaining losses of the TE, mode are attributed to diffraction 
losses and can be mitigated using a concave structure in the plates along the propaga- 
tion direction [62] (Figure 14.7d). To benefit from the low-loss nature of the TE, mode 
while also maintaining low dispersion, one can decrease the value of the cut-off frequency 
f. by increasing the plate separation b. However, this comes with the disadvantage of 
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Figure 14.7 (a) Schematic of the metallic parallel plates separated by a distance b. The TEM modes can be excited by electric fields in the y direction, while 


the TE modes can be excited with electric fields in the x direction. (b) Comparison of the pulse propagation through empty space (top left), 


through the PPWG with a TEM mode (bottom left), the PPWG with a TE, mode and b = 0.5 mm (top right) and the PPWG with a TE, mode 
and b = 5 mm (bottom right). (c) Comparison of the losses of the TE, mode and TEM mode for b = 0.5mm (left) and b = 5 mm (right). Inset 
in the left figure is the excitation efficiency. Inset in the right figure is a zoom on the lower part of the right figure [61]. (d) Concave structure 
to mitigate the diffraction losses of the TE, mode. Reprinted by permission from Springer Nature [72] Copyright (2013). 
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multimode propagation and requires careful mode-matching to selectively excite the TE, 
mode [38]. The PPWG modes can be excited using simple focusing optics (quasi-optic 
coupling) and the coupling efficiency can be improved up to 80% with adiabatically 
tapered coupler [63]. Flexible thin copper strips can be used for short-link interconnects 
[64]. The PPWG can also be used for signal processing applications by introducing res- 
onant Bragg cavities [65-68]. To modulate the THz pulses externally, one can insert high 
resistivity silicon between the parallel plates and modulate the pulse using photoexcitation 
[69-71]. In Section 14.5.2, we discuss additional applications of the PPWG in the context 
of THz communications, namely frequency division multiplexing and couplers/splitters. 


14.4.2 Dielectric Waveguides 


Dielectric THz waveguides are the second class of waveguides developed in the literature. 
They are made of low-loss dielectric materials such as polytetrafluoroethylene (PTFE), 
polyethylene, polypropylene, and cyclic olefin copolymer. Their waveguide structure is 
engineered in such a way that the mode is mostly propagating in low-loss air, thus allowing 
to establish long THz communication links (>10 m). Typical dielectric THz waveguides fall 
under one of three main categories: (1) hollow-core waveguides, including antiresonant 
reflecting optical waveguides (ARROW) and photonic bandgap (PBG) waveguides [48,73- 
78]; (2) porous core waveguides that use total internal reflection or PBG guidance [42,79- 
83]; and (3) solid core waveguides with TIR guiding mechanism [84-86]. We discuss each 
type in the following. 


1 4.4.2.1 Hollow-Core Dielectric Waveguides 


In hollow-core dielectric fibers, a large fraction of the modal energy propagates in the 
air core, thus significantly reducing the losses and dispersion. A simple hollow tube is an 
example of an antiresonant reflecting optical waveguide (ARROW). The ARROW guiding 
mechanism can be understood as follows. A fraction of the core mode leaks as radiation 
at the multiple core-cladding interfaces. At every interface, a portion is “reflected” back in 
the core. By carefully designing the cladding and core geometries, the different reflections 
from the interfaces can constructively interfere and increase the energy propagating in 
the core (Figure 14.8a). The bandwidth of the low-loss window is determined by the 
finite thickness of the thin tubular cladding. Introducing a lossy tubing material such as 
poly(methyl methacrylate) (PMMA) can help to suppress the cladding modes in favor of 
the core mode [74]. Moreover, the propagation loss can be further reduced by increasing 
the hollow core size [75]. However, this comes with the excitation of higher-order modes, 
which may cause intermodal dispersion and intermodal interference for long fibers [74]. 
Several communication links based on the tube waveguides have been demonstrated in the 
past years [14,16,87]. In [16], Van Thienen et al. demonstrated an error-free transmission 
of 7.6 and 1.5 Gbps over a link distance of 8 and 15 m using a hollow-core waveguide 
made of PMMA at 120 GHz. The measured eye pattern and the bit error rate are shown 
in Figure 14.8b and c [16]. The modal loss of the waveguide was 2.5 dB/m. The maximal 
bit rate here is mainly limited by the propagation loss. Losses due to bending were also 
shown to be negligible at higher carrier frequencies due to confinement of the mode in the 
core (Figure 14.8d) [87]. 
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Figure 14.8 (a) Section and longitudinal view of the hollow core tube and the ARROW guiding mechanism. (b) Bit error rate measurements 
for three different link lengths of hollow-core Teflon tube (outer diameter 2 mm and inner diameter | mm) at a carrier 
frequency of 120 GHz. (c) Corresponding eye patterns. © IEEE. Reprinted, with permission, from [16]. (d) Bend losses 
simulations for different frequencies at the bend radii of 25 mm © [2016] IEEE. Reprinted, with permission, from [87]. 
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On the other hand, by arranging alternating layers of high and low refractive index 
cladding material (Bragg fibers) or by introducing judiciously designed arrays of air 
inclusions in the cladding (photonic band gap fibers) around the hollow core, the losses 
and the transmission bandwidth can be improved compared to tube-based ARROW fibers 
[30,40,48,77,78,88-90]. By carefully designing the alternating layers, effective single- 
mode regimes can be achieved in long sections of such fibers, which can significantly 
reduce effective fiber dispersion. 


14.4.2.2 Porous Core Dielectric Waveguides 


In porous core fibers, low-loss and low dispersion can be achieved using spatially variable 
dense arrays of subwavelength air holes in both the core and the cladding regions [80,82] 
(Figure 14.9a). The losses of such waveguides can be reduced by using a high fraction 
of air inclusions and by selecting high refractive index contrast between air and the host 
dielectric. The latter allows a more substantial presence of the electric field in the low-loss 
air hole by continuity of the normal component of the displacement field across the wave- 
guide cross-section: E, œ E,,€,, / €, [81]. This enhanced field presence allows the design 
of low-loss and low-dispersion fibers, as well as various THz components such as porous 
lenses [91]. 

In general, the fabrication of porous fibers involves drawing under pressure a thermo- 
polymer or glass-based preform with drilled or 3D printed air inclusions. Maintaining a 
target porosity over an extended length of fiber requires careful calibration and monitoring 
of the entire drawing process, which is often challenging due to small dimensions of the 
structured preforms used in the design. Therefore, the maximum link length using porous 
THz fibers is limited by the fabrication process. Recently, an alternative method was 
detailed in [89], where over meter-long monocrystalline sapphire fibers were grown dir- 
ectly using structured dies. Apart from the circular porous structure [80], honey-comb [92] 
and rectangular [45] porous geometries were also demonstrated. 

In [93], to reduce the effect of dispersion, Ma et al. designed a graded-index porous 
fiber with holes of different diameters to vary the refractive index as a function of the 
radius (Figure 14.9ab). Time-domain measurements showed that a THz pulse propagating 
inside the graded-index porous fiber was less prone to broadening compared to a porous 
fiber of similar porosity but with a constant index profile (Figure 14.9c). The same 22 cm- 
fiber was also characterized using a THz communication system at a carrier frequency of 
140 GHz [17]. To observe the effect of bending on the fiber, the authors reduced the input 
power to ~12 uW and recorded bit error rate measurements at 6 Gbps (Figure 14.9d). 
Bending had little effect on the bit error rate and the eye patterns (Figure 14.9e). 


14.4.2.3 Solid Core Subwavelength Dielectric Waveguides 


In solid core THz fibers, the transmission bandwidth is much larger than that in the hollow 
core fibers as the propagation mechanism is total internal reflection. However, the trans- 
mission loss in such fibers is much higher and generally comparable to the fiber material 
absorption loss. To minimize the transmission loss, one usually resorts to a subwavelength 
dielectric that is simply maintained in an air cladding [94,95]. These waveguides offer low 
loss and low dispersion guidance as a significant fraction of the modal fields is guided in 
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Figure 14.9 Graded index porous fiber. (a) Photograph of the graded-index fiber. (b) The refractive index 
profile along the cross-section of the porous fiber. (c) Comparison of the pulse propagation 
through different lengths of the graded-index fiber (left) and a non-graded index fiber of similar 
porosity (right) [93]. (d) Bit error rate measurements of the bent fiber for various bending 
angles at a carrier frequency of 140 GHz. © [2019] IEEE. Reprinted, with permission, from [17]. 
(e) Eye patterns for 6 Gbps in a straight fiber and (f) in a bent fiber with an angle of 80 degrees. 


the low-loss air cladding surrounding the solid core [84,86]. However, handling the fiber 
is problematic, and several strategies have been used to isolate the waveguide from the 
environment, including suspending the solid core in a larger dielectric cladding [85], using 
a foam cladding [95] or a photonic crystal fiber geometry [96]. In such fibers, scattering 
from inhomogeneities along the fiber length such as diameter variation, micro/macro 
bending, and material density variation are the dominant loss mechanisms due to weak 
confinement in the fiber core [97]. These scattering losses can be somewhat mitigated by 
increasing the fiber diameter and realizing stronger confinement in the fiber core at the 
expense of increased material absorption losses. A good compromise can be found by 
choosing a low-loss polymer for the core material, and THz fiber links of several meters 
can be realized. Despite all these challenges, the rod-in-air/foam subwavelength fibers is a 
simple and reliable platform for enabling various short-range THz communication 
applications. Furthermore, such fibers can be used to design real-time signal processing 
components such as directional coupler, power dividers, and bandpass filter. These allow 
the building of complete transmission/signal processing subsystems using the same base 
technology [86,98,99]. An example of coupler is presented in Section 14.5.3. 

In [100], Nallappan et al. characterized subwavelength polypropylene rod-in-air fibers 
of different diameters (0.57, 0.93, and 1.75 mm) in a THz communications system at a 
carrier frequency of 128 GHz. Bit error rate measurements (up to 6 Gbps and for distances 
up to 10 m) and corresponding eye patterns are shown in Figure 14.10a-e. The authors 
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found that when using the fiber with smaller diameter, the propagating mode extended 
deep into the air, leading to low-transmission losses. In contrast, the larger diameter fiber 
had more propagation losses due to the confinement of the mode in the polypropylene 
core. The performance of the fibers can also be judged using eye diagrams (Figure 14.10c— 
e). The fiber of smaller diameters (0.57 and 0.93 mm) had higher eye amplitude (vertical 
axis) compared to the thick fiber (1.75 mm), which is related to the diameter-dependent 
propagation losses. However, synchronization errors are clearly visible in the eye patterns 
of the intermediate (0.93 mm) fiber (horizontal axis in Figure 14.10d) and are the source 
of the limitations in the measured bit error rates for that fiber. The authors explained 
this unexpected result by studying in more detail the dispersion of the three fibers. They 
concluded that the intermediate fiber showed larger group velocity dispersion than the 
two others. This example demonstrates the importance of carefully designing a fiber to 
have not only low losses but also low dispersion for communications applications. 

Although the smaller diameter fibers had lower propagation losses, the larger one was 
less prone to bending losses, which was explained by the high presence of the mode in 
the solid core. The calculated bending losses in the absence of material absorption losses 
are shown in Figure 14.10f. These bending losses depended on the polarization due to 
the bending asymmetry. The electric field distributions for the bent fiber are shown in 
Figure 14.10g (for a bend radius of 3 cm in the x direction). It can be observed that 
for the smaller diameter fiber, the propagating mode completely leaks as radiation. 
Therefore, a good compromise must be found between transmission, dispersion, and 
bending losses, which depends on the material properties and the operation frequency. 
For practical applications, the rod-in-air can be encapsulated using a low-loss (<1 dB/m) 
and low refractive index (~1) foam as the cladding material. An example of such geom- 
etry is shown in Figure 14.10h. The diameter of the foam cladding must be chosen to 
accommodate ~90% of the power guided by the identical rod-in-foam waveguide with 
infinite cladding. Although in principle, the dielectric foams can contribute to additional 
propagation losses, the effect is negligible for short distances (several meters) and at low 
frequencies (below 200 GHz). 


14.5 THz Waveguides as Communications Devices 


In addition to the potential of guiding THz radiation over vast distances, waveguides can 
also be remarkable tools to manipulate THz beams in the context of communications. In 
this section, we cover some recent developments in THz waveguides used as devices for 
communications. For example, these devices can be placed at the output end of a THz 
waveguide to bridge between wired and wireless propagation. 


14.5.1 Dispersion Compensation Waveguides 


As we mentioned earlier, the dispersion is a significant limitation that restricts the trans- 
mission bandwidth. Even though THz waveguides can be engineered to possess low dis- 
persion, its effect is significant, especially at large link distances. In those cases, dispersion 
compensation waveguides can be used to compress the broadened pulses and thereby 
improve the link performance. These waveguides are characterized by large dispersion 
values of opposite sign to the dispersion being compensated. To understand the action of 
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Figure 14.10 Solid core subwavelength fiber in polypropylene. (a) Bit error rate measurements of the 1.75 mm and 0.93 


mm-diameter in an 8-m link. (b) Bit error rate measurements of the 0.57 mm-diameter fiber in a 10-m link. (c) 
Eye patterns for the |.75 mm fiber, (d) 0.93 mm fiber and (e) 0.57 mm fiber. (f) Bending losses as a function of 
the bend radius for different polarizations. The solid curve corresponds to the x-polarized leaky mode and the 
dashed curve corresponds to the y-polarized leaky mode. The dotted lines are analytical estimations. (g) Electric 
field distribution of the leaky modes for different diameters of fiber and a bending radius of 3 cm. (h). Photograph 
of the rod-in-foam fiber that can accommodate ~90% of the guided power [100]. 
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Figure 14.11 Dispersion compensation waveguide. (a) Schematic of the waveguide Bragg grating 
and (b) section of the 3D-printed metalized waveguide to show the internal structure. 
(c) Transmission measurements of the waveguide Bragg grating compared to a metalized 
tube waveguide and a copper tube waveguide. The gray regions correspond to spectral 
ranges where the Bragg waveguide is effectively single mode. (d) Measured phase (dotted 
line) and corresponding polynomial fitting (solid line). (e) Comparison between experimen- 
tally measured dispersion (black) and numerically computed dispersion of the fundamental 
mode. [37]. 


the compensating waveguide, consider the propagation in a waveguide of positive disper- 
sion, where high frequencies travel slower than low frequencies. Adding a dispersion com- 
pensation waveguide at the output end of the waveguide induces the opposite effect: the 
high frequencies travel faster than the low frequencies, thus leading to pulse compression. 
Furthermore, this is done in an “analog” fashion before any digitalization, meaning that 
fewer errors are introduced in the data stream. Finally, the large dispersion in the compen- 
sating waveguide implies that it can be significantly shorter than the link fiber, which 
would, in turn, reduce the propagation losses incurred in the dispersion compensation 
waveguide. 

The idea of dispersion management in waveguide systems is well known in optical fiber 
communications but has been much less explored in the THz range. An example of such a 
THz dispersion compensation waveguide was demonstrated by Ma et al. [37]. There, the 
authors fabricated dispersion compensation waveguides featuring negative dispersion of 
~-100 ps /(THz-cm) at 0.14 THz. The waveguides were based on a metallic hollow-core 
geometry where periodic corrugations were introduced in the inner core to ensure high 
coupling efficiency in the lower order mode while opening a bandgap for the higher-order 
modes (Figure 14.11a). Then, by operating near the bandgap edge, strong negative disper- 
sion was obtained. 

The dispersion compensation waveguide was fabricated with a stereolithography tech- 
nique and fully coated with a silver layer using the wet chemistry method detailed in [101] 
(Figure 14.11b). Optical characterization was performed with a continuous-wave THz 
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spectroscopy system, which allowed to obtain phase and amplitude between 100 and 
180 GHz with a spectral resolution of 0.1 GHz. Figure 14.1 1c shows the measured trans- 
mission spectra (waveguide referenced to an empty system). The amplitude measurements 
revealed two single-mode transmission bands centered around 140 and 160 GHz 
(gray regions in Figure 14.11c). From the phase measurements (œ) (Figure 14.11d), 


the authors computed the group-velocity dispersion as 10° in the transmission 
L 90 

windows (Figure 14.11e). They obtained negative dispersion ranging from —500 to 

—100ps/(THz:cm) in the 137-141 GHz range and —2000 to —60 ps /(THz-cm) in the 


156-162 GHz range. 


14.5.2 Frequency-Division Multiplexing with Metallic Parallel-Plate 
Waveguides 


It is necessary to encode information in multiple independent channels to increase the 
amount of transmitted data. The operation of mixing the independent channels in a com- 
munication link is known as multiplexing (mux), while demultiplexing (demux) is the 
opposite operation. Mux/demux can be performed in various ways, by taking advantage 
of light properties such as polarization, spatial mode, angular momentum, but most com- 
monly, frequency. In [102], Karl et al. proposed to use a leaky-wave antenna based on 
a metal parallel-plate waveguide (PPWG) (Figure 14.12a,b). They introduced a narrow 
slot in the PPWG to allow radiation to leak out and couple into free-space modes with a 
frequency-dependent angle g. Similarly, free-space radiation could couple into the PPWG’s 
slot at the appropriate incident angle (Figure 14.12d). Consider the lowest-order trans- 
verse electric (TE,) mode of the PPWG with the propagation constant given by [103]: 


2nv CY 
kepwo = ——, |1- =) 14.15 
PPWG Co (= ( ) 


where b is the plate separation, and vis the frequency. Opening a slot in the PPWG allows 
this mode to couple to free-space modes with the phase-matching constraint ky cos @ = Rppwe, 
thus resulting in an angle-dependent emission frequency: 


__ © 
v(@) = sing (14.16) 


Considering an acceptance angle Ad, the corresponding spectral bandwidth is 


dv 
dg 


= Co 
2bsin tan $ 


Av(¢) = | A9 Ag (14.17) 


This rather simple geometry was then used to achieve frequency-division multiplexing 
of real data flows, as shown by Ma et al. [104]. As a system demonstration, they showed 
real-time mux/demux of two independent channels with carrier frequencies of 264.7 and 
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Figure 14.12 Leaky-wave antenna. (a) THz radiation propagating inside a metal parallel-plate waveguide is 
allowed to leak out by opening a narrow slot in one face of the waveguide. (b) Finite element 
simulation showing a side view of the wave emerging from the slot at an angle @. (c) The same 
leaky-wave antenna can be used to couple to and (d) from free-space modes. Karl. N. J. et al., 
Frequency-division multiplexing in the terahertz range using a leaky-wave antenna, Nature 
Photonics, published 2015 [102] (e) Leaky-wave antenna used as a mux/demux of two spec- 
tral channels. (f) Bit error measurements as a function of the angle show error-free behavior 
when the detector is correctly positioned. (g) Real-time video data transmission of two 
different television broadcasts encoded in separate frequency bands. Ma J. et al., Frequency- 
division multiplexer and demultiplexer for terahertz wireless links. Nature Communications, 
published 2007 [104]. 


322.5 GHz (Figure 14.12e). These channels were coupled into the PPWG at different 
angles respecting Equation (14.16). Then, the two signals propagated simultaneously in 
the waveguide before leaking in free space. By moving the detector angularly, the authors 
were able to achieve an error-free (bit error rate < 10) mux/demux for both channels 
(Figure 14.12f). They demonstrated this by demodulating real video data from two 
different televisions broadcasts. By simply rotating the detector, they were able to switch 
the received video from one channel to another (Figure 14.12g). Recently, Ghasempour 
et al. used the same leaky waveguide with broadband THz pulses to demonstrate single- 
shot link discovery for THz wireless networks [105]. 


14.5.3 Couplers, Splitters, and Add-Drop Multiplexers 


To enable complex THz fiber architectures, it is necessary to develop waveguide components 
to route THz waves along specific paths. Examples of such couplers and splitters were 
demonstrated in [106]. Using 3D printing technology of polystyrene, Weidenbach et al. 
showed a Y-splitter and a multimode interference 1x3 splitter. They also demonstrated a 
variable waveguide coupler in which two parallel waveguides were brought close together 
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Figure 14.13 (a) 3D-printed coupler in the communications setup. The THz signal is launched on one of the 
inputs. (b) Bit error rate measurements as a function of the distance between the two parallel 
waveguides for the first output (P,) and the second output (P,). Reprinted by permission from 
Springer Nature Copyright 2017 [98]. (c) T-junction.When the triangular septum is positioned 
in the center, THz radiation is equally separated to both outputs. (d) By moving the septum, 
the amount of radiation outgoing one of the outputs can be tuned. Adapted from [107] 
under the terms of the Creative Commons CC BY License. With copyright permission (e) 
Electrically reconfigurable T-junction with liquid metal. When the liquid metal is placed, high 
output transmission is measured. (f) When the liquid metal is replaced by the NaOH solution, 
high losses reduce the output transmission. (g) Channel add-drop filter using metal liquid. The 
isolation (power ratio between the two outputs) is almost +40 dB at the resonant frequency 
of 123 GHz.Adapted from [108] under the terms of the Creative Commons CC BY License. 


(Figure 14.13a). The energy could be transferred from one waveguide to the other by 
evanescent wave coupling by varying the distance between the two. In [98], this variable 
coupler was used in a 1 Gb/s communications system to demonstrate switching between 
two output waveguides. Bit error rate measurements (Figure 14.13b) confirmed that the 
distance between the two waveguides could be tuned to switch the output ports. 

In [107] Reichel et al. designed a broadband T-junction variable power splitter based on 
the parallel-plate waveguide. The TE, mode was excited at the bottom of the “T” and 
propagated to the T-junction, where a triangular septum was positioned. When the septum 
was in the middle of the T-junction, the power was directed equally at each of the output 
ports, while minimizing back-reflections to the input port (Figure 14.13c). By laterally 
moving the septum, the authors were able to vary the power split on both output ports on 
the complete single-mode range of 150-300 GHz (Figure 14.13d). In [108], the idea was 
pushed one step further by using electrically actuated liquid metal (Galinstan, 
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Figure 14.14 (a) Schematic of the grating based on a 3D-printed two-wire waveguide. (b) Transmittance 
spectra of the waveguide gratings featuring different periods. (c) Schematic diagram of the Y- 
shaped two-wire waveguide add-drop multiplexer with a Bragg grating. (d) Transmission at the 
drop port of the add-drop multiplexer defined as the difference between the measurement at 
the drop port with and without the Bragg grating [59]. 


gallium-indium-tin alloy) in the output ports. The liquid metal was introduced in rect- 
angular glass tubes and connected a NaOH electrolyte solution. By applying a small ~4 V 
voltage, the liquid metal could move in and out of the channel. Therefore, the channel 
could either be made of a thin metal wall (with high output transmission, Figure 14.13e) 
or an electrolyte wall (with low output transmission, Figure 14.13f). A channel add-drop 
filter was designed using a similar concept in which an actuated liquid metal was placed 
between two PPWGs sharing the same inner wall. When the liquid metal was in the 
channel, the THz radiation from the upper waveguide could couple to the bottom through 
the capillary glass walls at a precise frequency (Figure 14.13g). Thus, a signal propagating 
at the resonant frequency in the top channel could be extracted in the bottom waveguide 
through this add-drop functionality. 

Another example of add-drop multiplexer was shown by Cao et al. where Bragg gratings 
were used with the two-wire waveguide geometry [59]. The periodic structure (Bragg 
grating) was made using the toner-assisted metal foil transfer technique (also known as 
hot stamping [109]) to print metallic lines on a paper substrate. Then, the waveguide 
grating was obtained by inserting the patterned metallic film in the gap between the two 
wires of the 3D printed two-wire waveguide (Figure 14.14a). Figure 14.14b shows the 
transmittance spectra of three different waveguide gratings with different periods in the 
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200-280 GHz band. In this configuration, the fundamental TEM mode of the two-wire 
waveguide coupled into the radiation mode. By tuning the periodicity of the grating, 
the desired frequency channel could then be efficiently filtered. The Bragg resonance of 
the proposed waveguide grating was used to demonstrate a Y-shaped add-drop multi- 
plexer around 140 GHz (Figure 14.14c). The signal was transmitted at the curved wave- 
guide section (add port), followed by the waveguide with a paper-based metallic periodic 
pattern. The reflected signal at the Bragg wavelength was coupled into another curved 
waveguide section (drop port). The normalized transmission at the output port is shown 
in Figure 14.14d. As intended, the add-drop multiplexer reflects the Bragg frequency of 
142.6 GHz. 


14.6 Conclusion 


In conclusion, we have presented the state-of-the-art of THz waveguides applied to 
communications. Most of the recent THz communications works were performed in a 
wireless context. Although THz radiation has several proven benefits in the context of 
wireless links, many challenges remain. Among these challenges, we note the high direc- 
tionality of the THz beams, which requires precise alignment of the emitter and receiver, 
the increased risks of eavesdropping in free-space links, and the impact of environmental 
factors for robust communications. THz fiber links can provide additional flexibility and 
opportunities when designing future THz networks to overcome these limitations. 

We started this chapter by providing an overview of the important parameters to con- 
trol for efficient THz fiber links. First, fiber losses must be small. Dielectric materials such 
as polymers feature the lowest losses in the THz range, but dry gases such as air have 
virtually no absorption. Therefore, a common strategy used when designing low-loss THz 
waveguides is to increase the modal energy propagating in air. To improve the excita- 
tion efficiency, the waveguide dimensions must support a linearly polarized propagating 
mode similar to the input excitation mode. Dispersion in the waveguide is also a crucial 
parameter to reduce as it may lead to pulse broadening, adjacent bit overlapping as well 
as increased errors in the data stream. Finally, the waveguides must be relatively easy to 
manufacture. Fiber drawing towers similar to those used in drawing infrared optical fibers 
have been investigated. More recently, 3D printing approaches have been explored to 
build THz waveguides of more complex geometries. 

We then turned to the study of metallic THz waveguides. In metallic single-wire 
waveguides, the mode propagates in the air surrounding a bare wire conductor. The mode 
bounded to the wire has low losses and low dispersion but suffers from low excitation 
efficiency due to its radial polarization. In the two-wire waveguide, a second metallic wire 
is placed parallel to the first one. The propagating mode is now confined in the inter-wire 
gap, immunizing the mode from environmental disturbances. The metallic parallel plate 
waveguide can support TEM and TE modes. The TEM modes have no cut-off frequency 
and losses that increase with frequency. In contrast, the TE modes have lower losses and 
can be designed to reduce the impact of the cut-off frequency. 

Dielectric waveguides are the second class of THz waveguides, where the mode is 
supported by a low loss dielectric. Hollow-core dielectric waveguides are simple dielec- 
tric tubes that can propagate THz radiation through the antiresonant reflecting guiding 
mechanism (ARROW). Judiciously designed multiple alternate layers in the outer tube 
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(photonic bandgap) allows for lower losses and more transmission bandwidths. In porous 
core dielectric waveguides, the presence of the mode is increased in subwavelength air 
inclusions. Graded index with low dispersion can then be designed by varying the pore 
size as a function of the radius. Solid core dielectric waveguides are simple dielectric fibers 
where the wave is propagating with a total internal reflection mechanism. To reduce the 
losses incurred while propagating in the dielectric core, the waveguide diameter can be 
reduced to subwavelength dimensions to increase the amount of energy in the air cladding. 

Finally, the waveguides can be remarkable tools for communication applications. 
Dispersion compensation waveguides can be designed to counteract the effect of disper- 
sion. Frequency-division multiplexing can be demonstrated by introducing a narrow slot 
in the metallic parallel plate waveguide and allowing THz radiation to leak in a pre- 
dictable frequency-dependent angular distribution. Couplers, splitters, and T-junction to 
dynamically route the THz wave can be fabricated using the solid core waveguide and the 
metallic parallel plate waveguide. Add-drop multiplexing can be shown using the two- 
wire waveguide and a Bragg grating in a Y-coupler geometry. 
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15.1 Introduction 


With each generation of wireless telecommunication, we have experienced a boost in the 
usage of mobile devices. The transition from 3G to 4G experienced an exponential growth 
in devices, which will likely become more explosive with the advent of 5G, resulting in 
extremely dense networks (EDN) in both indoor and outdoor environments. With the rise 
in popularity of the Internet of Everything (IoE), an average human can (or will) carry 
multiple devices demanding high data rate, low latency, and secure communication. In the 
future, the success of 5G will enable numerous industries or verticals, such as smart cities, 
smart homes, cellular drone communication, unmanned aerial vehicle (UAV), autono- 
mous cars, machine-to-machine (M2M) communication, and EDNs [1,2]. Adding to this 
problem, the post-5G deployment might boost multiple non-communication-based indus- 
tries and applications, which may positively result in an increased demand for devices with 
higher throughput and lower latency [3]. The 5G new radio (NR) standard is supposed to 
cater to use cases such as ultra-reliable low-latency communication (URLLC), enhanced 
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mobile broadband (eMBB), and massive machine type communication (mMTC) [4]. These 
services will take a toll on the already heavily allocated spectrum. 


15.1.1 Heading to a Chaotic Future 


With the advent of 5G and multiple killer applications, there has been a surge in the 
demand for ultra-high throughput and ultra-low latency technologies. In the future, the 
networks will need to be tactile and self-adaptive to understand the dense-heterogeneous 
environment and the needs of users based on service type. It is expected that in the next 
10 years, 5G will reach its maximum performance limit and might not be able to meet 
future demands. Thus, it is critical that we start to explore beyond 5G (BSG) or even 6G 
type technologies. 5G and even 6G will give rise to numerous verticals, such as smart 
home, industry automation, vehicle-to-infrastructure (V2X), eHealth, body area networks 
(BAN), UAVs, entertainment, education, and much more [1,2]. All these verticals will 
have heterogeneous devices, protocols, performance demands, and resource needs [2,5]. 
Moreover, it is expected that within the next decade, wireless systems might need to satisfy 
more than 1,000 devices per 100 m? [6,7]. Narrower antenna beams with beam tracking 
will be required to improve signal strength [3] to maintain such high system demands 
[8,9]. To complicate the situation further these devices might be mobile in nature with 
varying velocity,! resulting in multiple radio access technology (RAT) handovers, access 
point (AP) selection, frequent route optimization, time complexity, and signaling overhead 
[2,6,10]. Narrow antenna beams and high mobility of the users can cause frequent outages 
leading to high latency and low reliability [11,12]. These frequent resource handovers can 
also occur either due to changes in performance demands, or if a device changes its ver- 
tical, or if a device transits from indoor-to-outdoor or outdoor-to-indoor [13,14]. These 
dense mobile devices with heterogeneous needs in both indoor and outdoor environment 
will lead to a chaotic future if not properly managed [2-7]. Figure 15.1 hints at such a 
chaotic future. 

Densification of users, where users have more than one device operating on hetero- 
geneous demands and protocols, will make the future much more chaotic than we can 
imagine. Moreover, most of these devices will generate a huge amount of sensitive data, 
which, when mismanaged, can lead to network vulnerabilities, privacy risks, and impact 
national security [15-17]. Deploying heavy encryption and authentication tools will 
increase latency. Thus, most of the 5G systems rely on physical layer security (PLS) [18] 
or light authentication [19]. These methods might not solve all the existing security or 
privacy risks and might give rise to new risks in the process. A trade-off the operators and 
manufacturers are willing to tolerate for lower latency. 

As shown in Figure 15.1, networks will not only be terrestrial, but also non-terrestrial 
in the form of UAVs, high-altitude platform systems (HAPS), and satellites. Considering a 
uniform distribution of both terrestrial and non-terrestrial APs to solve the user coverage 
problem will not work, since it will exponentially increase the capital expenditure (CAPEX) 
and operating expense (OPEX), which is already a bottleneck for 5G deployment in most 
of the countries [20]. Moreover, the need for too many distributed edge nodes [1], energy 
wastage [21], and backhauling [22] will also further complicate the process. It is estimated 
that in the next 10 years 5G will be saturated [23] and there will be a need for extra infra- 
structure and resources, which we are not ready for [23-25]. 
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Figure 15.1 A future chaotic scenario with heterogeneous and dense deployment of UEs and APs in both 
indoor and outdoor environments. 


15.1.2 THz Spectrum: Framing the Solution Space 


For 5G, we are currently looking into more spectrum at Citizens Broadband Radio Service 
(CBRS) and mm Wave bands, which will offer nearly 100 MHz and 1-2 GHz? of con- 
tiguous bandwidth respectively [3]. We acknowledge that this amount of spectrum is more 
than what we have ever used for International Mobile Telecommunication (IMT) ser- 
vices, but there are reasons to believe that this will not be enough [26]. We need to move 
beyond mmWave and explore more greenfield spectrum in the THz band (100 GHz to 10 
THz) [3,7]. 

Exploiting frequency bands above 100 GHz opens multiple avenues for research and 
interesting deployment strategies for both communication and non-communication 
purposes [27]; however, it also comes along with multiple challenges [28-31]. Compared 
to the traditional lower frequency bands, THz or other very-high frequency bands suffer 
from high path loss, smaller coverage, sensitivity to mobility, and high equipment cost. 
Interestingly, it is these characteristics that could make THz communications friendly for 
indoor use and for some outdoor use cases. Although THz is aimed at static and nomadic 
services, it can be used for relatively constrained mobile users. Improvements in antenna 
design, small-scale mobility management, and detailed knowledge about the environment 
can further the use cases of the THz spectrum. 


15.1.3 Our Contribution and Outline 


THz is very sensitive to multiple system parameters and can negatively impact system 
performances. Keeping track of these parameters and opportunistically allocating resources 
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can prove otherwise. To monitor this detailed knowledge or resources, we need novel radio 
resource management (RRM) strategies to meet higher system performance. RRM for 5G 
and 6G networks need to account for multiple factors, such as spectrum, system archi- 
tecture, system parameters, traffic pattern, network heterogeneity, and backhaul [32-34]. 
For THz, there are a myriad number of system parameters, which needs special attention 
for the NextGen RRM. In Section 15.2, we illustrate the need for granular resource 
management in the THz and then classify and evaluate the system parameters into three 
classes: (a) fixed resources, (b) variable resources, and (c) imposed constraints. In every 
radio architecture, there are some system parameters that do not change much and can be 
pre-allocated, namely fixed resources. However, in the THz, some system parameters are 
uncertain and change with use cases, performance demands, and surroundings, namely 
variable resources. Moreover, regulatory restrictions on the usage of spectrum and the 
data associated with these parameters can negatively impact the performance of the RRM 
strategies. To manage these regulatory restrictions, we have considered it as another set of 
system parameters, namely imposed constraints. In Section 15.3, we propose three solu- 
tion frameworks for opportunistically and efficiently allocating these granular resources. 
We propose three allocation strategies for these system resources, which is based on the 
user grouping: (a) mobility, (b) verticals, and (c) identification. In each of the schemes 
we propose resource allocation strategies, either through a resource trade-off triangle or 
dynamic allocation through ID broadcasting. In Section 15.4, we conclude the chapter 
with final remarks and future direction. 


15.2 THz Resources 


In this section, we illustrate the need for granular resource management in the THz spec- 
trum and classify these resources into three categories, namely fixed resources, variable 
resources, and imposed constraints. 


15.2.1 Need for Granular Resource Management 


THz spectrum has a very high potential, but it also comes with many pre-conditions to 
be used in both indoors and outdoors. There are multiple economic and non-economic 
use cases which demand high-throughput and low-latency performance from the system, 
where using the THz spectrum is justified. THz spectrum can be used for application, such 
as virtual reality (VR), augmented reality (AR), mixed-reality (MR), uncompressed 4K 
streaming for ultra-high displays (UHD), holographic type communication (HTC), tactile 
and haptic services, backhauling, imaging, sensing, and spectroscopy [1,2,4,35]. However, 
all these applications have multiple challenges and special system performance demands. 
As shown in Figure 15.2, a single THz-AP will face multiple resource allocation challenges 
to cater to any of the above-mentioned applications. For example, a dense deployment 
of mobile users demanding high throughput and low latency services might compromise 
the efficiency of the whole system. Moreover, even while satisfying a smaller set of these 
users, multiple factors, such as environment awareness, health impacts,’ security risks, and 
privacy risks, need to be monitored and managed [3]. 

Due to low penetration power, the THz-APs have limited coverage and requires line-of- 
sight (LOS) communication. Except for some lower THz bands, non-line-of-sight (NLOS) 
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Figure 15.2 Resource allocation challenges for a single THz-AP. 
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Figure 15.3 Resource Allocation Challenges for multiple Indoor THz-AP. 


is not so effective, since it is sensitive to surfaces for reflection, refraction, and scattering 
[36-38]. Thus, a possible solution for the challenges shown in Figure 15.2 is to blanket the 
area with multiple THz-APs. However, deploying multiple THz-APs comes with its own 
set of challenges both for indoor and outdoor environments. In an indoor environment, 
AP parameters, such as number of THz-APs [39], number of antenna arrays per THz-AP 
[40], and THz-AP placement [39,41,42], can significantly impact the system efficiency. 
Poor deployment of these APs can lead to inefficient use of infrastructure, resource, spec- 
trum, and energy [43], as shown in Figure 15.3. 

One of the key reasons for using THz spectrum in an outdoor environment is to cater to 
applications such as smart cities, emergency services, ultra-high kiosks, aerial base stations 
(ABS), or wireless backhaul. In an outdoor environment, structures, such as building, 
vehicles, trees, and humans, can block THz signal. Thus, to improve coverage THz-APs will 
need to be placed wherever space is available, such us smart lamps, APs on buildings, and 
over-the-air through ABS, as shown in Figure 15.4. Moreover, THz-UEs and THz-APs may 
be present both in terrestrial and non-terrestrial [44-46] areas, which can impact the city’s 
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Figure 15.4 Resource Allocation Challenges for multiple Outdoor THz-AP. 


aesthetic, a problem already slowing down the 5G small cell mm Wave deployment in many 
US cities [47,48]. The THz-APs are supposed to be in the range of a femto or auto cell and 
might exacerbate the outdoor aesthetic problem. Besides, these THz-APs will also face mul- 
tiple challenges concerning signal variation due to weather uncertainty [38,49-51] and too 
much infrastructure need for fronthauling and backhauling [46]. Outdoor deployment 
architecture for smart cities needs to be more end user focused and based on the specifications 
of the Internet of Things (IoT) devices [52-54]. 

In the future, monitoring and managing these resource allocation related challenges for 
the THz spectrum will be cumbersome for the operators, manufacturers, and regulators. 
There is an urgent need for methods to manage the resources for these dense heteroge- 
neous devices. Multiple approaches have been proposed in the THz domain to improve 
the signal strength in a constrained environment [55-59]. However, most of the research 
has not provided a holistic roadmap to solve the challenges pertaining to granular RRM 
for higher frequencies [9,32-34]. Moreover, given these myriad number of devices and its 
multifarious parameters and restrictions, there is a need for a lightweight granular RRM 
modeling. Classification of resources will help us make better choices for resource alloca- 
tion. Since factors, such as coverage range, penetration power, small-scale mobility [11,12], 
and antenna alignment, were not a critical challenge in the traditional RF bands, there was 
no urgency for classification of resources. However, as we move higher in the spectrum 
to mmWave and especially THz frequencies, the need for granular resource classification 
becomes prominent. In this work, we have incorporated the fixed resources, the uncertain- 
ties, and regulatory imposed constraints, to make resource management decisions at the 
THz. We have classified the system resources into three classes and tried to analyze their 
trade-offs in the following sub-sections. 


15.2.2 Fixed Resources 


Some system resources can be measured and planned before deployment and does not 
require dynamic adjustments and can be considered as fixed resources. The fixed resources 
for the THz are as follows: 
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(a) 


Transmit Power and Hardware: The scalability and deployment of THz systems 
is highly dependent on the NextGen nanofabrication and solid-state circuit tech- 
nology. Challenges in higher transmit power, receiver sensitivity, antenna design, and 
THz signal generation can impact the end-use case. In the traditional RF spectrum, 
dynamic transmit power control (DTPC) has often been explored as a method to 
increase user coverage and reduce interference. However, DTPC is not that effective 
in the THz band due to its low penetration power and sensitivity to surrounding 
materials. Currently, it is technically and economically challenging to design a trans- 
mitter to transmit more than 2 W for the lower frequencies and ~1 mW for the upper 
frequencies [3,60]. Some close proximity applications might not require 2 W of 
power and increasing the power might result in harmful interference and health risks. 
Moreover, a device’s transmit power might need to be regulated for health reasons 
based on the device proximity and duration of human use [3]. Antenna design will 
also have to improve, such that it can generate narrow antenna beams with min- 
imal side-lobes, which can otherwise cause interference. Nevertheless, narrow beams 
and mobility (small and large scale) will lead to frequent beam misalignments and 
increased latency. The antennas will have to be smart to combat these unnecessary 
outages [58,59]. Moreover, oscillators, mixers, amplifiers, and signal generation will 
also have to be improved. Currently THz uses either an all-electronic or photonic 
using infrared laser-based system to generate THz signals [61,62]. Although the elec- 
tronic system can achieve higher transmit power compared to the photonic system, 
frequency tuning is quite difficult using the electronics system. In most cases, the 
choice of hardware will be fixed, which will constrain the transmit power, operating 
frequencies, and antenna designs. 

Operating Frequency: Although the usable frequency windows in the THz is mostly 
dependent on the environmental conditions [3,63], factors, such as hardware and 
its application, will dominate the choice of operating frequency for most THz-APs. 
The THz band resonates at multiple frequencies due to the presence of oxygen and 
water molecules in the air, which can result in massive dips in throughput, as shown 
in Figure 15.5 [63,64]. The data rate R, shown in Figure 15.5, for the THz spectrum 
can be calculated using Shannon’s capacity formula shown in Equation (15.1), where 
B is the bandwidth, which is 1 GHz, and SINR is the signal-to-interference-noise 
ratio [3,58]. Given the short range, limited penetration, and ample amount of spec- 
trum, we can assume interference to be negligible, and just consider the signal-to-noise 
ratio (SNR) shown in Equation (15.2). SNR is directly dependent on the transmit 
power P. = 0dBm, and the antenna gains for the transmitter and receiver pairs. If 
we assume a conical antenna beamwidth with perfect main lobe, then we can define 
G, = Gr = X/ &, where X is the antenna aperture dependent factor, which is 52, 525 
for a uniformly illuminated circular aperture, and 6 is the antenna beamwidth, where 
narrow antenna beams result in higher antenna gains. In case of mobile users these 
narrow antenna beams result in beam alignments and outages [12,58], in Figure 15.5 
we have assumed a static scenario. While SNR is inversely proportional to the 
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spectral density Ny = 10log,) N;KT, = —193.85dB / Hz, where d is the Euclidian dis- 
tance, f, is the central frequency, c is the speed of light, x is the medium absorptions 
coefficient dependent on f, the relative humidity p, and room temperature T (which 
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can be calculated from the HIgh resolution TRANsmission molecular absorption 
(HITRAN) database), N, is the noise figure of 10 dB, K is the Boltzmann constant of 
1.3810e-%, and T, is the temperature in Kelvin [39]. 


R = Blog, (1+ SINR) (15.1) 
P EG EG 

R=Bl 1+—t—t R 15.2 

og: + Le Ei La ba (No Ea z) ( ) 


From Figure 15.5, we can observe that low temperature and dry air are favorable 
conditions for using the THz spectrum, which is somewhat possible to maintain indoors 
through heating, ventilation, and air conditioning (HVAC) systems, but challenging 
for an outdoor environment. Although Figure 15.5 shows multiple usable frequency 
windows, even at unfavorable conditions of 100% humidity, most of it can only achieve 
a throughput of fewer than 1 Gbps. Narrow band-IoT (NB-IoT) devices, which require 
very less throughput, can be the right candidate even in these unfavorable conditions. 
Higher frequencies are suitable for manufacturing smaller devices, especially devices for 
nanonetworks and BAN, but will result in massive path loss. On the other hand, lower 
frequencies will be suitable for relatively larger mobile devices but can result in low 
throughput in unfavorable conditions. Moreover, the choice of the frequency range is also 
dependent on THz receivers. Cheap THz-IoT devices might have a wide antenna gain and 
compelling the manufacturers to make better receivers might stifle the growth of THz-IoT. 
Thus, the applications and manufacturers will dictate the choice of operating frequencies 
and will need to be allocated beforehand for reliability purposes. 


(c) Bandwidth: Similar to the operating frequency, the usable bandwidth is also dependent 
on environmental conditions and applications [3,60]. Table 15.1 summarizes the 
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Figure 15.5 Achievable data rate at the THz Spectrum for fixed distance of 5m and varying air quality of dry 
air at 1% to very humid air at 100% relative humidity at a temperature of 25°C. 
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Table 15.1 Available contiguous bandwidths (in GHz) at the THz spectrum with a minimum achievable 


data rate of | Gbps, for varying distance and relative humidity 


Distance RH <I THz I-2THz 2-3THz 3-4THz 46THz 6-8THz  8-10THz 


Im 50% 450 170 80 130 190 310 310 
100% 440 120 300 220 

5m 50% 440 100 60 90 - - A 
100% 430 90 50 60 - = z 

10 m 50% 430 90 - - = : : 
100% 270 80 - - 2 z z 


Although there are multiple frequency windows, as shown in Figure 15.5, in this table we have shown the maximum 
contiguous bandwidth in that range. 


(d) 


available contiguous bandwidth for multiple chunks of THz bands and at varying 
environmental conditions. From Table 15.1, it is clear that most of the higher THz 
frequencies are not usable for high throughput applications in unfavorable conditions 
of high humidity and long distances. However, multiple applications with very low 
throughput requirements can operate all throughout the THz band. For example, 
secure communication, which uses wide bandwidth with low transmit power to hide 
the information, or NB-IoT, which require moderate throughput with very narrow 
bandwidth [5]. Due to massive contiguous bandwidth in the THz, there is no need for 
carrier aggregation, and an enormous number of NB-IoT devices can operate even in 
the smallest frequency window without the need for sophisticated multiple access 
methods. Thus, the choice of bandwidth and the operating frequency will be fixed in 
most cases. 

AP Deployment: Due to the limited coverage area and low penetration power of the 
THz spectrum, the number and location of THz-APs can be critical for the received 
signal strength. Thus, there is a need for an efficient AP deployment strategy. Similar 
deployment strategies were essential in the sub-6 GHz bands and will become a 
necessity in the higher frequency bands. A streamlined deployment strategy will need 
to factor in multiple aspects of the system, such as choice of operating frequency, 
source of backhaul, performance metric of an application or a vertical, blockages, 
user mobility and density, energy, and costs. Most of these parameters can be factored 
in by the operator or network administrator before the deployment and do not 
need dynamic monitoring and adjustment. Moreover, as we move higher in the fre- 
quency, the deployment of indoor and outdoor applications becomes more prominent. 
Although the use cases remain the same, the deployment strategies will change based 
on uncertainty or user specifications. 

Modulation and Coding: The THz channel is sensitive to free space loss, molecular 
absorption, noise, surrounding surfaces, and hardware limitation, which can nega- 
tively impact the signal strength. To mitigate these impacts, lightweight modulation 
and coding schemes can be utilized [55,56]. Efficient modulation schemes, such as 
on-off keying (OOK), pulse position modulation (PPM), quadrature phase-shift 
keying (QPSK), and quadrature amplitude modulation (QAM), will help maintain 
user throughput for fluctuating channels [65]. While efficient coding, such as Reed 
Solomon, low-density parity checks, and turbo coding, will help reduce the bit error 
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rate [65]. However, the choice of modulation and coding schemes are highly dependent 
on the hardware, transmit power, bandwidth, and level of complexity. As explained 
above, most of these factors will be fixed by the operator or network administrator 
before deployment. 


15.2.3 Varying Resources 


Some system resources are uncertain and need to be tracked. Monitoring these resources 
and even adjusting them dynamically can help improve system performance and can be 
considered as variable resources. The variable resources for the THz are as follows: 


(a) 


Environmental Losses: The THz channel can fluctuate due to uncertainties in multiple 
factors. Most of these uncertainties are due to environment losses, such as free-space, 
molecular absorption, sky noise, blackbody noise, scattering, and surface penetration 
[44,47]. In an outdoor setting dust, rain, fog, snow, and cloud can negatively degrade 
the already compromised THz channel [66,67]. Most of the analysis to understand 
the outdoor THz channels has been done through emulated weather chambers, which 
indicate the use of THz in outdoor is justified under specific weather conditions and 
can perform better than most of the free-space optics (FSO) systems. Still, obtaining a 
reliable connection is debated by researchers in this community. While we cannot pre- 
vent these losses, we can always work around them by building smart and opportun- 
istic systems. Information about the aggregated losses will allow intelligent algorithms 
to better understand the channel and environment. Methods, such as AP handover, 
adjusting antenna gains, adaptive protocol, and negotiating user performance, can be 
used to ensure system efficiency. 

Distance and Humidity Variance: Variation in AP-UE distance and humidity can 
impact not only the signal strength, but also the effective number of usable frequency 
windows, as shown in Figure 15.6. As we move from a favorable condition of 1 m 
indoor with moderate relative humidity to an unfavorable condition of 10 m out- 
door with high relative humidity, the usable frequency decreases. Although the AP 
deployment is fixed, as stated in the previous sub-section, small distance fluctuation 
for mobile devices can impact the signal strength. Multiple indoor models have been 
proposed in the THz to be distance adaptive [56-58]. Additionally, HVAC systems 
can be used for indoors or small outdoor enclosures to reduce the temperature and/ 
or humidity and improve signal strength. On the contrary, in the case of free-space 
outdoor, the humidity information can be used to decide if a THz communication is 
justified at that time or not. Other vertical-specific applications can also benefit from 
this information. For example, the information can be helpful for UAV type commu- 
nication, where the humidity decreases with an increase in altitude. Moreover, mobile 
applications and NB-IoT devices using frequency hopping can benefit from distance 
and humidity information. This information can also be transferred to MAC and 
transport layers to adaptively alter the frame lengths, frame duration, wait times, 
channel access protocols, and energy fluctuations. 

Mobility: Mobility management has always been a challenge for RRM. Due to a 
larger coverage area and higher penetration power of the lower RF bands, device 
orientation was not a big challenge. However, as we move higher in the spectrum, 
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Figure 15.6 Usable THz frequency windows for varying relative humidity and distances for indoor and out- 


door environments 


there is a need for using narrower antenna beamwidths to improve antenna gains, 
which makes these higher frequency bands sensitive to devise orientation. Even small- 
scale mobility such as yaw, pitch, and roll movement [58] of devices can cause signifi- 
cant outages. Beam misalignment for small-scale mobile users or handovers for highly 
mobile user need to be monitored for efficient resource management. Mobility in the 
THz band can also result in Doppler shifts [68], as shown in Figure 15.7 for the full 
THz band. Although these frequency shifts range a few MHz, which is small compared 
to the massive channel bandwidths, it can be a severe concern for manufacturers while 
making receivers. Moreover, for mobile NB-IoT devices using MHz or KHz range 
bandwidth can be critically impacted by this frequency shift. Although mobility is still 
an unexplored aspect of THz and a hard problem to solve, tracking mobility informa- 
tion can help predict or at least avoid outages. For example, the interruptions caused 
by the small-scale mobility of the devices or users can result in increasing the latency 
and reducing the reliability of the system. Based on the mobility type of the devices, 
use cases can be drawn where the THz spectrum can provide reliable communication 
and cases when the use of THz is not justified. Currently APs are static; however, in 
the future AP can be mobile and can be used to dynamically move around in an area 
to improve system performance [47]. In case of flying ad-hoc networks (FANETs) or 
ABS, mobility management for AP and the relative mobility between an AP-UE pair 
will become critical. 

Alignment: Multiple pieces of research have discussed the need for antenna beam 
alignment in the mmWave, THz, and FSO bands. Although AP deployment is a fixed 
resource, the antenna is free to change alignment both physically and logically based 
on the system needs. Perfect beam alignment for narrow antenna beams can result in 
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Figure 15.7 THz Frequency Doppler Shift due to relative mobility of UE with respect to the AP. 


(f) 


higher antenna gain, resulting in ultra-high-throughput [11,12,8]. However, uncer- 
tainties, such as mobility and blockages, can impact this alignment resulting in outages. 
To combat these outages, a shower of narrower antenna beams can be used to provide 
a momentary ultra-high-throughput connection with a user. Additionally, there is a 
relationship between antenna beamwidths (6), misalignment, and antenna gain, which 
is shown in Figure 15.8. Every time a beam is misaligned between an AP-UE pair, both 
the devices go through a series of beam searching and beam training process, which is 
time-consuming and can result in severe delays to the system. However, for a realistic 
system, where the traffic is bursty, an AP-UE pair can tolerate a few degrees of beam 
misalignment, which might result in a slight drop in antenna gain [12]. By reducing 
the performance needs for an AP-UE pair, the AP can avoid a beam training process 
cycle and reduced system delays sufficiently. Although narrower beamwidths of 6 = 1° 
or 5° can provide higher antenna gain, the freedom for beam misalignment is very 
narrow, as shown in Figure 15.8. On the other hand, beamwidths of 6= 20° or 15° 
will reduce antenna gain but can tolerate wider misalignments. Based on the mobility 
and location of the users, the AP can adaptively change the beamwidths. For example, 
narrow beams can be used for static and nomadic users, while wider beams can be 
used for relatively mobile users. Thus, alignment information, both horizontal and 
vertical, between an AP-UE antenna pair can be critical for resource allocation and 
optimization. 

Density: Most of the THz band cannot penetrate human skin, with some few 
exceptions at the lower THz bands. Thus, users can act as blockages for other users, 
which can be frequent in an ultra-dense mobile distribution. The system can use this 
information to predict the mobility pattern of other neighboring users and adaptively 
change resource allocation [42] or use surrounding reflective or intelligent surfaces to 
implement NLOS communication. Thus, information regarding the user density and 
their exact location can be used by the system to reduce latency. 

MAC Protocols: Designing efficient MAC layer protocols will be critical for all 
types of THz devices, whether it operates indoor or outdoor, static or mobile, or 
uses lower or higher THz frequency bands. The MAC layer is responsible for flow 
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Figure 15.8 Change in antenna gain for varying user mobility and antenna beamwidth. 


control, multiplexing, scheduling, beam management, capacity management, and 
interaction with the physical and upper TCP/IP layers. Thus, the MAC protocols 
and its parameters can be acute for system throughput and latency. For example, 
short interval frame gaps of few milliseconds for acknowledgment messages can 
result in severe delays in THz networks. Even scheduling between nodes and their 
beams, which is mostly based on time division techniques, can result in significant 
delays to the system if not properly managed. Thus, there is a need for an efficient 
MAC that can provide adaptive solutions [63]. For example, the MAC layer can be 
trained to change frame lengths and access protocols to adapt based on varying 
environmental uncertainties and performance metrics via information from the 
physical layer. 


15.2.4 Imposed Constraints 


Every radio device has to follow a set of policies or imposed constraints set by the 
regulators, which are generally constraints on the technical parameters or applicability 
of the devices. Generally, these imposed constraints are specific to a city, county, state, 
country, or a set of countries. The regulators enforce these constraints either through 
ex-ante approach, that is, preventive measure to avoid constraint violation, or ex-post 
approach, that is, punitive measures for constraint violation. Ex-ante approach has mul- 
tiple disadvantages, which limit the opportunistic use of resource allocation and may 
stifle the growth of innovative devices and technology. Ex-post approach, which is a more 
dynamic way of monitoring constraint violation, may be ideal for THz systems. One can 
argue that the imposed constraints should be a part of fixed resources. However, with the 
ex-post approach, the constraint violations are subjected to multiple factors and do not 
fit into the definition of fixed or variable resources. There are agencies, working groups, 
and organizations that are working on setting global constraints for THz communication 
[69-72]. Imposed constraints are good, since it guarantees a minimum level of reliability 
to the system. However, too tight standardization of constraints can negatively affect the 
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potential of THz and hold back multiple opportunities, or even stall the growth of THz. 
The imposed constraints for the THz are as follows: 


(a) 


License: Although the choice of operating frequency in the THz is based on the envir- 
onment uncertainties and hardware limitations, regulators and political agendas will 
also have an impact over it [31,71, 72]. Unlicensed spectrum has tremendous economic 
and technological benefits, as previously observed in the sub-6 GHz band. Most of 
the researchers and experts are inclined toward making the full THz band unlicensed. 
However, it might not be the case when the regulators finally decide to open THz 
bands for IMT use. Licensing of spectrum allows the regulators to reduce enforce- 
ment efforts and make sure that the spectrum is used for social benefit. Moreover, 
the operators and the manufacturers will also like to have licensed access to THz 
spectrum, so that they can guarantee reliability to their users and use their own pro- 
prietary methods. A plausible future for THz will be either deploy dynamic spectrum 
access (DSA), or have a mix of both licensed and unlicensed bands. In either case 
knowledge about the operating frequency and licensing will be necessary. 
Interference: The traditional RF bands can sustain communications over vast distances 
and can penetrate through most objects, which can cause harmful interference in mul- 
tiple scenarios. Multiple constraints have been implemented by the regulators to miti- 
gate adjacent-channel and co-channel interference. The drawbacks associated with 
the THz band, such as low penetration power and small coverage range, makes THz 
band interference-friendly [3]. For example, allocating relatively wider guard bands 
and the use of narrow direction beams can avoid adjacent-channel and co-channel 
interference. Nevertheless, THz devices might receive or transmit unintentional inter- 
ference to other devices already operating in this band. Although the THz band is 
not allocated to IMT applications, it is currently being used by Earth Exploration 
Satellite Service (EESS) for passive communication only [31,73]. Using the THz spec- 
trum indoor will not cause any form of interferences to these satellites, but using 
it outdoor might result in an aggregated interference. Restriction might apply for 
outdoor THz use, which can vary opportunistically. Furthermore, the THz devices 
might receive harmful interference from non-communication-related devices used for 
imaging, security scanners, and spectroscopy [30,74,75]. THz is also likely to be used 
by military and law enforcement agencies to perform secure communication, which 
makes them the primary users in the spectrum. Given all of these incumbent users and 
harmful interference-related challenges, information related to interference restriction 
will be beneficial for opportunistic allocation of resources. 

Safety Standards: Since THz belongs in the Infrared band, the THz radiation is often 
criticized to be hazardous for human health. First, THz is non-ionizing, so it poses less 
harm compared to higher frequency bands. Second, most of the THz devices are in 
their rudimentary stage, and there is not enough evidence to prove that THz might be 
harmful. However, standardization work on safety levels for THz devices to be used 
near human proximity is being developed, which will be varying based on environ- 
ment, user density, AP deployment, and application [76-78]. Although the transmit 
power for most THz devices are extremely low compared to the RF devices and 
THz cannot even penetrate human skin, the narrow beams and beam exposure time 
might cause human tissue damage or injure the eye. Information on safety standards 
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(f) 


will be critical for resource allocation since it might result in adjusting the antenna 
beamwidth, AP handovers, number of concurrent THz-AP transmissions, and channel 
occupation time (COT). 

Security Issues: Generally, to implement secure communication, a system uses heavy 
encryption and complex authentication schemes, which can cause system delays. The 
delays will exponentiate in case of ultra-dense or extremely dense networks. However, 
due to the ultra-low-latency demands of B5G and 6G applications, operators are 
shifting toward using physical layer security (PLS) and light encryption. These security 
methods might compromise the system and result in more security risks. THz devices 
can use methods, such as (i) large bandwidth coupled with low transmit power to 
spread the information, (ii) pencil beams with perfect beam alignment, or (iii) fre- 
quency hopping throughout the THz band, to prevent jamming and eavesdropping. 
However, these methods might not be feasible for cheap NB-IoT or eHealth devices 
that require highly secure communication with least complexity. The THz devices will 
face a trade-off between low latency and high security. Information about the level of 
security risk tolerance of a UE might impact multiple variable resources [15,79]. 
Privacy Issues: Knowledge about a UE’s precise location is critical for THz systems 
to perform beamforming, resulting in both higher throughput and better security. 
However, the location information can cause privacy risks for the users [16,17]. 
Moreover, other information, such as performance demands, bandwidth, and oper- 
ating frequency, can be used to engineer out sensitive or behavioral information about 
the user. Thus, constraints on privacy will have to be regulated on what resource- 
related information can be shared, accordingly, impacting the resource allocation 
strategy and system efficiency. Nevertheless, the level of privacy is relative to a UE and 
can change with scenario or time. Therefore, users might want to share and update 
their level of privacy risk tolerance to the system, which can be used to serve these users 
better. In the case of resource deadlock, negotiations between high privacy and high 
performance might be the only solution. For example, UEs demanding high privacy 
will not share their real-time location, which might make it difficult for the algorithms 
to learn and provide high performance. One more concern is the use of crowdsourcing 
to gather resource-related information about a UE. Although a user might have a very 
low privacy risk tolerance level, the system might be able to crowdsource that same 
information from other sources. There are no current standards for privacy in RRM; 
however, with the popularity and success of the General Data Protection Regulation 
(GDPR) in the European Union (EU) and California Consumer Privacy Act (CCPA) 
in California, we might see regulators implementing these privacy-related imposed 
constraints. 

Auxiliary Spectrum: It will be highly optimistic and misleading to think that THz 
alone will be able to solve all the future needs related to B5G and 6G. On the contrary, 
THz will be used as a catalyst or a support system for other existing spectrum bands. 
There are multiple use cases and scenarios, where the use of THz is not justified, and 
switching to lower RF, sub-6 GHz, or mmWave bands will be beneficial. THz systems 
will need information about how much lower frequency spectrum is available as a 
fallback in case of unavailability of THz resources or a resource deadlock. This cross- 
spectrum information might be beneficial while allocating system resources or even 
designing cross-layer algorithms between RF, mm Wave, and THz bands 
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15.3 THz Resource Management Schemes 


In this section, we propose three different schemes to allocate the THz system resources, 
as illustrated in Section 15.2. Effective and opportunistic resource management can be 
done among similar users or users competing for similar resources. Although there are 
multiple ways to group resources [80-83], in this work, we have considered three different 
grouping factors — (a) mobility, (b) vertical, and (c) granular identification = and provided 
a strawman framework for each group. 


15.3.1 Scheme A: Mobility 


As emphasized before in the chapter and previous literature [11,12,58], the THz band is 
sensitive to mobility. Even small orientational changes in devices mounted over the head 
and hand can cause outages, leading to higher latency and lower reliability. Knowledge 
about device location, movement direction, and speed can be helpful while allocating 
resources. Therefore, the classification of applications based on mobility type can help us 
find which class of resources needs a tighter bound. To better understand and manage the 
demands for a mobile device, we classify it into four types of mobility: S: static, N: nomadic, 
CM: constrained mobility, and HM: high mobility, as shown in Table 15.2. Moreover, the 
performance and resource demands for these mobility types mentioned above will change 
based on the deployment, that is, indoor or outdoor. The list of applications shown in 
Table 15.2 is not exhaustive; however, this mobility classification will help understand the 
limitations and needs of mobile devices and, in the future, can fit in other use cases. 

Now that we have classified these applications based on the mobility deployment type, 
we can figure out the resource trade-offs for each of these classes, through a resource tri- 
angle shown in Figure 15.9, which can help maximize system reliability. The three resource 
types explained in the previous section can be adjusted for each of these classes. Variable 
resources come with uncertainty, and we need to reduce their dependency by setting tighter 
bounds for fixed resources and imposed constraints. For example, in a constrained envir- 
onment with lower uncertainty, such as indoors, tighter fixed resources can guarantee 
more reliability than depending on tighter imposed constraints. On the other hand, highly 
mobile application systems cannot be let free to work stochastically around with the 


Table 15.2 THz use cases classification based on mobility and deployment type 
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Figure 15.9 Resource triangle illustrating the resource dependencies and trade-off for mobile users. 


varying resources, especially for non-delay tolerant applications, which can lead to outages, 
delays, and resource wastage. Setting tighter imposed constraints will be a better solution 
for relatively mobile devices, both indoor and outdoor. A schematic illustration of this 
approach has been shown in Figure 15.9, for the classes introduced in Table 15.2. 

By tighter bounds on fixed resources and imposed constraints, we can limit the uncer- 
tainty of the varying resources. For example, indoor static and indoor nomadic users do 
not have so much uncertainty in the system and can be just dependent on fixed resources 
for reliability. A similar argument holds for outdoor static and outdoor nomadic users, but 
the higher level of uncertainty in variable resources push these classes to the right corner 
of the triangle. 

As the mobility increases from CM to HM, only depending on tighter fixed resources 
will not help and stronger imposed constraints need to be set. In the case of indoor CM 
or HM, users can also be catered with the deployment of a blanket of THz-APs. However, 
challenges, such as aesthetics, privacy, and health safety, will limit the densification. Most 
of the outdoor type applications have large uncertainties in varying resources, which might 
compel the regulators to impose stronger imposed constraints. However, too conservative 
imposed constraints might stifle the growth of outdoor THz. Maybe at a later stage with 
advanced machine learning algorithms and artificial intelligence systems might be able to 
predict these variabilities in the system, and the location in the triangle can be adjusted 
toward the fixed resources corner. While allocating resources, the system also needs to 
consider the primary user (PU), likely the EESS, military, or spectroscopy applications, and 
avoid interfering with them. We assume that there is a central decision making unit that can 
effectively place these applications correctly on the resource triangle shown in Figure 15.9. 


15.3.2 Scheme B: Verticals 


BSG and 6G will trigger multiple new verticals [2,5], and the performance and resource 
demands might be different for each of these verticals. Moreover, the resource management 
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Figure 15.10 A comparative key performance index for different verticals. 


and decision-making unit will also be different. For example, resources might be managed 
by a central service or an operator, and each vertical is provided with resources through 
network slicing, or the resources can be self-regulated by the vertical itself. Therefore, 
Scheme A, which was a general approach with a common decision maker, will not work 
when we consider resource allocation for verticals. For example, a wearable device can 
belong to both WLAN and eHealth verticals, but the performance and the resource needs 
within each vertical are completely different. There are multiple verticals, which will be 
born from B5G and 6G, but for simplicity, we consider four, namely, terabit wireless local 
area networks (T-WLAN), V2X, aerial devices, and eHealth. We list the key performance 
indices (KPI) for each of the verticals [2,5], which are essential for the system performance, 
in Figure 15.10.* Since the KPIs vary among verticals, the resource trade-offs will also 
change. Similar to Figure 15.10, the resource dependency for each of the verticals and the 
applications within the verticals will be different and have been illustrated in Figure 15.11. 

The T-WLAN vertical will consist of indoor devices, such as laptops, tablets, wearables, 
UHD, HTC, real-time video, AR/VR/MR applications, data centers, centimeter-level 
positioning, and on-chip communication. These applications will likely demand high 
throughput, moderate latency, and with the least security compared to other verticals, 
as shown in Figure 15.10. Since most of these devices are indoor and operating within a 
constraint environment with minimum mobility, a tighter fixed resource can be used as 
an approach to ensure reliability to the system. Some applications within the verticals, 
which belong to a relatively more mobile class, are likely to be skewed to the variable 
resource corner of the triangle, shown in Figure 15.11. While the applications with sensi- 
tive information and demanding relatively higher reliability will be skewed to the imposed 
constraints corner of the resource triangle. 

The V2X vertical will consist of outdoor applications, such as autonomous cars Society 
of Automotive Engineers (SAE) level 5 to 3,° vehicle platooning, autonomous trains, and 
nomadic vans or broadcast auxiliary service (BAS) [81, 84,85]. Although these applications 
have a moderate throughput demand, they require low latency and high security, as shown 
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Figure 15.11 Resource triangle illustrating the dependency and trade-off for verticals and the applications 
within each vertical. 


in Figure 15.10. Providing such top performances for relatively high mobile devices will be 
challenging, and tighter fixed resources will not solve the problem. Moreover, completely 
removing the dependency from variable resources will also be challenging. Nomadic vans 
or BAS experience less uncertainty compared to other V2X applications and can depend 
on the fixed resource for reliability. However, for other applications, setting tighter imposed 
constraints is the only viable solution, which can be a downside for the growth of THz in 
this vertical. Some applications can have relaxed imposed constraints and instead depend 
on intelligent algorithms to work around with the variable resources. Thus, applications, 
such as autonomous trains, conditional-automation driving, and vehicle platooning, which 
operate on a coordinated system, can have lighter imposed constraints compared to high- 
automation and full-automation driving, as shown in Figure 15.11. 

Aerial devices, which is a booming vertical, have multiple applications ranging from 
military use, law enforcement, health services, cargo delivery, ABS, and data collection 
[84,85,86]. Similar to V2X, all of these are outdoor centric applications and will have 
similar resource trade-off as V2X. However, coordinated devices, such as drone fleet 
control and ABS can be operated using an intelligent algorithm and do not need tighter 
imposed constraints. Moreover, the civil drones, which are used for recreation and operate 
in an uncoordinated manner, also do not require tighter imposed constraints. On the con- 
trary, applications, such as military, law enforcement, health services, cargo delivery, will 
depend on tighter imposed constraints for high reliability and highly secure communica- 
tion, as shown in Figure 15.11. 
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eHealth applications are similar to T-WLAN vertical, but can be used both indoor and 
outdoor. Applications, such as patient tracking and remote diagnostics, do not require 
low latency, but robotic surgery and BAN demand the system to be tactile, as shown in 
Figure 15.10 [87,88,89]. The low latency and moderate throughput can be met for most 
of these applications using tighter fixed resources; however, the importance of the data 
handled and the need for high reliability demands tighter imposed constraints, as shown 
in Figure 15.11. 


15.3.3 Scheme C: Granular Identification 


One of the biggest challenges for the resource allocation methods proposed in schemes 
A and B are they do not cater to all type of devices. The schemes are based on user and 
application grouping strategies, that is, mobility type for Scheme A and vertical type for 
Scheme B. Moreover, schemes A and B assume a central or known decision-maker for the 
resource allocation process. In practical field, it is not the case, since there can be systems 
that are distributed, and resource allocation decisions are made through election of cluster 
nodes, ad-hoc methods, crowdsourcing, media access sensing, or greedy approaches. Both 
schemes A and B are not ideal for these scenarios. 

Traditionally, the lower unlicensed bands or any distributed network can implement two 
possible resource allocation solutions: (a) least conservative resource allocation, that is, use 
loose bounds for the resources, which might result in resource wastage and reduce system 
efficiency; or (b) most conservative resource allocation, that is, use very tight bounds for 
the resources, which might result in reduced user coverage and system efficiency. In either 
case, there is a tendency that the system will face a “tragedy of the commons” problem, 
that is, individuals in a shared-resource system act independently for their self-interests, 
which results in a depletion or deadlock of resources for the system collectively [90,91]. 
THz systems are already very sensitive to uncertainties in resources, and an unmanaged 
distributed system will only make the system worse. RRM for distributed THz system will 
require more sophisticated, tactile, lightweight, and energy-efficient schemes. Therefore, 
we propose a third approach, scheme C, which is based on UEs sharing their performance 
needs and technical capabilities with their neighboring nodes. This information can then 
be used by the individual UE in the system to either predict or avoid a resource collision, 
and then make resource allocation strategies either in a coordinated or uncoordinated 
fashion. To share this information about the performance needs and technical capabilities, 
we propose granular identification, that is, uniquely identifying a device both logically and 
physically [91]. 

In this scheme, users can be from any vertical, demand any performance metric, and 
have any set of resources. The users are not pre-classified based on verticals, deployment 
environment, or mobility, like schemes A and B. On the other hand, the devices are free 
to work independently, like a normal distributed system, but along with an added extra 
knowledge about their neighbors and resources. The content of these granular ID struc- 
ture can be based on a stacked architecture, illustrated in Figure 15.12. This stacked 
architecture is based on the similar resource classification strategies introduced earlier in 
the chapter. Devices through exchanging granular IDs can obtain information, already 
embedded in the ID structure, about each layer, that is, (a) decision maker, (b) vertical, 
(c) performance metric, and (d) available resources. 
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Figure 15.12 Granular ID management structure for granular resource management of coordinated and 
uncoordinated systems. 


Classification of a device identification based on these four layers will allow the UEs to 
make informed resource allocation strategies. Each layer helps to narrow down a device 
to its exact resource needs. The four layers are as follows: 


e Layer 1 embeds the information about the presence of the type of a decision maker 
(DM), coordinated or uncoordinated, and the security level of that DM. Information 
about the presence of a secure decision maker (secDM) will allow the UEs to decide 
on how granular information should be embedded further into the ID structure. 

e Layer 2 embeds the information about a user's vertical, as discussed in Section 15.3.2. 
The vertical information will help the UEs to logically divide resources pertaining to 
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each vertical and its needs. This is somewhat similar to a network slicing approach but 
in a distributed framework. 

e Layer 3 embeds information about the performance metrics demanded by an indi- 
vidual UE, such as throughput, latency, security and privacy risk tolerance levels, 
mobility, and level of coordination. The information from levels 2 and 3 combined 
will help UEs to form a logical boundary among other UEs in the system and may 
avoid any future resource competition or deadlocks. 

e Finally, layer 4 embeds information about the technical resources pertaining to each 
UE. The resources are divided based on the classification proposed in Section 15.2. 
The UEs are allowed to adjust and self-regulate their resources to fit their perform- 
ance needs, environmental uncertainties, and other artificial constraints. A user can 
use the resource triangle approach, introduced in Figures 15.9 and 15.11, to adjust 
these resources. Since the fixed resource cannot be adjusted, the bi-directional arrow 
is absent between the fixed and variable resources. However, there is a bi-directional 
arrow between the variable resources and imposed constraints since a user can adjust 
and readjust these based on the performance needs and constraints. 


Information from each layer in the stack collectively makes up a granular ID for a device, 
which can be sent and received by other devices in the system. A user while preparing its 
ID structure to be broadcast into the system is free to move throughout these four layers. 
This enables the user to self-regulate the resources and performance demands, which they 
want to embed into the ID. For example, a selected set of variable resources by a UE might 
violate the imposed constraints, and the user will have to re-adjust these variable resources 
or limit its performance demands. 

The information in this ID structure could be used by a secDM or DM, either coordinated 
or distributed, to make resource allocation decisions. Once the secDM or DM collects all 
the granular IDs from the network, it can unpack the information in the ID structure and 
use it for efficient resource allocation. The performance demands, resource specifications, 
and imposed constraints might be similar or different for all the UEs in the system. The 
DM has to either greedily or opportunistically allocate these resources while keeping the 
restrictions in check. For example, while allocating resources for the UEs, the DM will 
also have to crosscheck if the system collectively meets the imposed constraints, which is 
available in the ID structure of the UEs. Eventually a secDM or DM will come up with 
a resource triangle for the system, with all the users placed in this triangle, similar to the 
one showed in Figure 15.11. Please note that the efficiency of the allocation scheme and 
placement of the users on the resource triangle by a secDM or DM is limited based on 
the information present in the ID structure of the UEs. The ID structure sent back by the 
secDM or DM will be the set of suggested resources or performance metric, which might 
avoid a resource collision among users in the system. However, the users in a distributed 
network are not compelled to follow these resource allocation suggestions and can still act 
selfishly, which might result in resource scarcity. 

In the case of a resource deadlock, the secDM or DM can also exchange the IDs with 
all or a set of UEs for negotiating the performance metric and resource allocation among 
devices. During the negotiation phase, the secDM or DM can decide to provide a lower 
performance metric compared to what the UE had requested, or re-adjust the variable 
resources based on the resource triangle of the UE. The DM, after selecting a set of 
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variable resources for all the users in the system, will also have to crosscheck for viola- 
tion in imposed constraints and might have to redo the variable resource assignment for 
all or some users. This negotiation might be helpful for static and nomadic users but can 
increase delays in the case of relatively higher mobile devices. Still, in case of the mobile 
devices, the ID structure can be used by the DM to train the MAC layer to change frame 
lengths and access protocols and adapt based on varying environmental uncertainties and 
performance metrics. 

To summarize, using granular identification for distributed networks to improve coord- 
ination has been evaluated in [81]. It can be argued that using granular ID and resource 
allocation will result in increased packet load and delays. THz has a lot of bandwidth to 
transmit these granular ID structures, so packet load will not be a big concern. Decision 
making by secDM or DM, further negotiation, and implementing a security feature for 
the secDM, might increase network delays. However, in the future, with quantum com- 
puting, intelligent networks, and edge computing, these drawbacks can be overcome. Even 
if we remove the need for a secDM or DM from the system for making resource allocation 
strategies, just sharing the information through granular ID structure will help the UEs in 
a distributed THz network to avoid or predict any form of resource collision. 


15.4 Conclusion 


In this chapter, we proposed resource classification and allocation strategies for high- 
frequency networks, such as THz. We present a set of technical and policy approaches 
that can be used for modeling and deploying THz systems for both indoor and outdoor 
environments. One of the biggest challenges for the future THz network will be to per- 
form efficient RRM for dense-heterogeneous networks. However, we show that with 
proper “knowledge” about the environment (humidity, temperature, turbulence, operating 
frequency, blockages, antenna type, UEs and APs location, and user profile) and smart 
algorithms, we can provide reliable ultra-high data rate for both indoor and outdoor 
devices. Granular knowledge will allow algorithms to provide reliable THz connection. 
Since gathering knowledge is hard, cumbersome, and raises security and privacy concerns, 
we preset resource classification and resource allocation models. 

To understand these resources and their trade-offs, we classify them into fixed resources, 
variable resources, and imposed constraints. Although considering regulatory constraints 
(a.k.a, policies/ imposed constraints) as a part of a resource for RRM is not the general 
notion, these imposed constraints can act as limiting factors for the efficiency of future 
THz systems. Setting tighter imposed constraints assures reliability to the operators and 
users; however, it can also stifle the growth in manufacturing. To further understand the 
interdependencies and trade-off between these resources, we presented a resource tri- 
angle. Applications, either grouped based on mobility or verticals, can be strategically 
located in this resource triangle, illustrated in Figures 15.9 and 15.11. The location of 
these applications on the resource triangle is purely quantitative but can be evaluated to 
prove the same. The motivation for the resource triangles is to provide a framework for 
the operators, manufacturers, and regulators to start preparing the THz spectrum for the 
future BSG and 6G networks. For devices that cannot be grouped based on mobility and 
verticals, or are distributed in nature, they can still perform efficient RRM using granular 
identification. The THz devices using granular IDs and the resource information embedded 
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within these IDs can either through a centralized, clustered, or distributed architecture, 
allocate or negotiate radio resources to improve system efficiency. With proper resource 
classification, understanding of resource dependencies through resource triangles, and effi- 
cient resource allocation schemes, THz can be a champion to the future mobile wireless 
communication. 
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Notes 


1 Throughout the chapter we use the following abbreviation to indicate the mobility type of a 
device: S: static, N: nomadic, CM: constrained mobility, and HM: high mobility. 

2 FCC recently auctioned 425 MHz in 24 GHz band, and in the future plan to auction 1 GHz in 
the 47GHz band [3]. 

3 THz spectrum belongs in the infrared range and is thermal in nature, which, when exposed with 
high intensity and for a long duration, can heat up human skin [3]. 

4 Please note that there are no fixed benchmarks for the KPIs in each vertical, and are ranges 
with loose bounds. These KPIs are subjected to the operators, manufacturer, user, and regulator. 
Therefore, we consider three levels, high, moderate, and low, to differentiate between the KPI 
needs among the verticals. 

5 The Society of Automotive Engineers (SAE) defines six levels of driving automation: Level 0 — no 
driving automation, Level 1 — driver assistance, Level 2 — partial automation, Level 3 — condi- 
tional automation, Level 4 — high automation, and Level 5 — full automation. 
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16.1 Introduction 


With the growing demand for required resources per person in the urban cities globally, 
there is an inherent challenge in planning efficient utilization of the available resources, be 
it either natural or human-made. The vision of improved well-being of the urban civiliza- 
tion is full of numerous challenges in transportation, housing, water, electricity, medical 
facility, safety, to name a few (Jin et al., 2014). Toward this end, automation has appeared 
as a promising option to outcast human errors and their repercussions. Thus, visionaries 
are looking forward to the possibility of smart cities that rely on modern technological 
infrastructure and will be able to meet the expectations of the next generation’s smart 
citizens. 

A smart city that has been envisioned as an autonomous infrastructure is based on smart 
devices that require frequent information exchange for implementing their functionality. 
Terahertz band is a promising option for supporting high-speed wideband connectivity 
between devices in a short coverage area. Due to high device density, the communication 
distances between devices are usually small. The communication zone can be considered 
as an information hot-spot that provides high-speed connectivity among devices in a small 
coverage area. Special communication zones can be envisaged to support a large number 
of IoT devices using the THz band. These terahertz-based high-speed communication 
zones (ThiSCoZ) appear as a promising solution to the last mile problem. In the following, 
after discussing IoT-based smart cities, the introduction of terahertz-based smart commu- 
nication zones have been provided. 


16.1.1 loT-based Smart City 


A smart city is a model city that utilizes information and communication technologies 
(ICT) to enable more efficient city services (Jin et al., 2014). A smart city is envisioned as a 
self-sustained solution that adapts itself to the demanding situations without any need of 
human interventions. Toward this end, advanced technological solutions for wireless com- 
munication and information processing are being looked for to support an autonomous 
system running on its own without any human control. Supported by the advancements in 
ICT, the Internet of Things (IoT) is a paradigm where devices of everyday life interact with 
each other as well as human beings and become an integral part of the Internet (Zanella 
et al., 2014). With the development of smart devices, supported by novel ICT solutions, 
IoT opens up the space for improved and modern societal behavior through the imple- 
mentation of smart cities. 
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Internet of Things (IoT) is a paradigm shift from the traditional internet of computers 
to the internet of smart electronic devices that utilize their information exchange cap- 
abilities for improving the overall quality of human life (Stojkoska and Trivodaliev, 
2017). The devices can be categorized as sensors — converting physical phenomena to an 
electrical signal; controllers — making decisions based on the sensed information input; 
and actuators — turning the decision (electrical signal) to physical activity. Each IoT 
device interfaces with the physical world in which they have been placed at the front 
end, and with the digital world where digital connection among devices is established 
for information exchange at the back-end. Thus, each IoT device behaves as a con- 
nector between the physical world and the digital world. On the front end, there are 
information-collecting units and units for information presentation. At the same time, at 
the back-end, there are computational devices that can run complex algorithms to make 
necessary decisions. 

IoT-based networks are imagined as a realm of distributed smart computational devices 
that can adapt to the working conditions. These devices are spread all around, inside 
home as well as outside. They are an integral part of the overall infrastructure that lays 
the foundation of smart cities, including roads, offices, parks, hospitals, and markets. With 
the current technological advances in the field of chip fabrication technology, there is an 
increasing interest from electronic device manufacturers to propose smart devices that are 
capable of changing their working strategy based on the environmental conditions. Thus, 
going forward, there is an upsurge in the density of these smart devices. 


16.1.2 Smart Communication Zones 


The exponential increase in the number of active devices, the increasing number of infor- 
mation interactions, and the heterogeneity of data being shared among them are the key 
dimensions of the communication challenge faced by the ICT researchers envisioning IoT- 
based smart cities. The research communities are thinking beyond simple data connections 
between devices, and instead, they are envisioning information superhighways. Because of 
the very high device density, the involved communication distances are usually not very 
large. Thus, there is a need for special zones, catering to a cluster of nearby smart devices, 
which provides very high-speed data connectivity among the devices. 

Terahertz (THz) communication offering data links in the range of terabits per second 
(Tbps) appears as a promising option for an indoor or wearable network where communi- 
cation distances are usually limited to a few meters. Smart wireless communication zones 
are terahertz communication-based information hot spots that provide massive data rates 
to a cluster of smart devices within its limited coverage region (Petrov et al., 2016). Thus, 
researchers are considering the possibility of coming up with terahertz-based high-speed 
communication zones (THiSCoZ) as a promising option to cater to the need of data- 
hungry devices. 

The infeasibility of providing high-speed connectivity at the user end is known as the 
last mile problem in the context of communication networks. High-speed data connect- 
ivity could be offered up to a last access node of the network only, but not to the end-user 
equipment. THiSCoZ is a promising solution to this ancient bottleneck in the communi- 
cation industry. With the possibility of providing very high data rates in the range of Tbps, 
THiSCoZ opens a plethora of applications for the coming generation communication 
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Figure 16.1 THz communication — a band of opportunities and challenges, with numerous application 
scenarios. 


networks such as a smart house, smart office, smart hospital, smart parks, smart vehicles, 
smart transport, smart electricity, smart municipality, to name a few (Figure 16.1). 


16.1.3 Terahertz Communication Opportunities Versus Challenges 


Terahertz frequency band (0.1-10 THz) presents the possibility of an enormous band- 
width in the range of 10-100 GHz, which can provide data rates in the range of Tbps. 
This enormous data rate leads to the feasibility of seamless data transfer, the latency of 
the order of microseconds, and ultrafast downloads (Kawanishi, 2019). THz communica- 
tion presents itself as a novel technological revolution that will leave a significant mark on 
the coming generation networks’ ICT scenario. The utilization of high frequency leads to 
smaller wavelength and antenna size, which opens the feasibility of using massive MIMO 
techniques to improve spectral efficiency and directivity. 

However, along with opportunities, there are some serious challenges associated with 
THz communication. The novel challenges associated with THz band include gener- 
ation and detection of such high-frequency signals, designing of broadband antennas 
to facilitate ultra-wideband communication, and implementing an amplifier that could 
provide a flat response in this broad band of operation. THz communication has issues 
related to unfavorable propagation characteristics, including atmospheric absorption 
and spreading of the signal. The channel properties are very different in this region of 
operating frequency (Huq et al., 2019). To design an efficient communication system, 
channel properties must be studied, and proper channel models must be proposed. 
Modulation and coding techniques have to be designed according to the THz band’s 
channel conditions to improve the communication system’s spectral efficiency. Thus, 
there is a need for renewed interest in thorough investigations of the research challenges 
associated with THz communication. Even if the existing solutions can be evolved for 
utilization in the THz band, they may not be optimal as they had been designed for 
a lower frequency band having different characteristics than the THz band. Further, 
channel modeling, transceiver design, antenna design, and signal processing design are 
key research directions that require joint revolutionary development for the realization 
of THz band communication zones. 
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16.1.4 Outline 


Since the base technology for ThisCoZ is terahertz communication, these communica- 
tion zones face the same challenges as the terahertz band communication. With an idea 
to present a brief introduction to terahertz communication, this chapter attempts to pro- 
vide first-hand background information and the research challenges associated with THz 
communication. First of all, a short survey on the state of the art is presented, highlighting 
the key challenges that the research community is engaged in. A detailed discussion is 
then presented on key issues related to physical layer communication techniques such 
as channel modeling, signal processing design for multiantenna techniques, optimization 
involved in efficient utilization of resources, and usage of nearby nodes as relays for infor- 
mation coverage enhancement. Finally, the chapter concludes with a short discussion on 
open research directions in the field of THz communication. 


16.2 State-of-the-Art in Terahertz Wireless Communication 


This section presents a brief survey of different research fronts being challenged by the 
research community worldwide. The fundamental techniques required for the terahertz 
band communication system’s realization include the generation and detection of terahertz 
signal and the design and development of a communication system to cater to the THz 
band’s challenges. In this regard, we first discuss the research developments in the direction 
of the transceiver’s hardware design. Following this, a discussion on channel investigations 
includes modeling the THz band’s channel and noise properties. Finally, modulation and 
coding techniques, along with MIMO techniques, which have been specially designed 
observing the challenges of the THz band, are discussed. These key research domains have 
been summarized in Figure 16.2. 


16.2.1 Transceiver Hardware Design 


This section begins with an introduction to issues in the design of the signal generator and 
detector at THz frequency. Then, various semiconductor-based sources, considered by 
researchers, have been discussed. Finally, the section concludes with a discussion on the 
possibility of utilization of graphene for generation as well as detection of THz signal. 


D 
THz electronics Physical layer technology Channel modeling 
Signal generation Modulation techniques Propagation models 
Signal detection Continuous wave modulation Deterministic approach 
Amplification Pulse-based modulation Statistical approach 
Channel coding Noise Models 


Beam forming 


Figure 16.2 Key Research Domains in THz communications. 
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Due to the location of the THz band between microwave (300 MHz to 300 GHz) and 
infrared frequency (300 GHz to 430 THz), the THz band is called as THz gap because 
of the lack of maturity in the signal generation and detection techniques (Akyildiz et al., 
2014). Thus, electronic and photonic devices can be used for the generation of THz 
signals. However, the conceptual issue is that, because of the high frequency of operation, 
the polarity changes quickly. Because of the fast change in polarity, the direction of elec- 
tron movement changes very fast. Since the electrons are not able to travel a minimum 
required distance, there is no significant current. On the photonic side, it is difficult to gen- 
erate photons in the THz range due to the vigorous movement of electrons between energy 
levels and the difficulty of controlling the required discrete energy level jump. 

Since the transceiver has to face high path loss due to molecular absorption, the design 
should consider high power, high sensitivity, and low noise figure (Tekbyk et al., 2019). 
Silicon-Germanium (SiGe) based transistors have been investigated for utilization up to 
a frequency range of 798 GHz (Chakraborty et al., 2014). Although silicon-based devices 
can be improved for usage up to 1 THz, they cannot be efficiently used beyond 500 GHz 
due to inadequate transistor breakdown voltage. Due to high path loss, there is a need for 
high gain-wideband power amplifiers. Gallium nitride (GaN) based high electron mobility 
transistor (HEMT) has been recently investigated for utilization in millimeter-wave and 
THz applications (Tang et al., 2015). 

Graphene has recently attracted the research community’s attention due to its favorable 
properties, such as electrical and thermal conductivity. It shows plasmonic effects that 
allow signal propagation at THz range in the form of surface plasmon polariton (SPP) 
wave (Bird et al., 2017). While studying I-V semiconductor-based HEMT, which has 
been enhanced through graphene, it is observed that the application of a voltage between 
drain and source of HEMT causes electron acceleration, resulting in the formation of SPP 
waves on the graphene gate (Jornet and Akyildiz, 2014b). 

Due focus is required for the implementation of antennas as well. Because of the THz 
frequency range, the antenna size is small. Thus, diversity, as well as directivity gain, can be 
obtained by using multiple-input multiple-output (MIMO). More specifically, ultramassive 
MIMO with a 1024* 1024 system has been investigated for improving the communication 
distance (Akyildiz and Jornet, 2016). The graphene-based antenna has been considered for 
the possibility of high directivity, which is a very important feature required to take care 
of high path loss. Compared to copper, graphene provides relatively better performance 
in terms of small antenna size and high directivity (Dash and Patnaik, 2018). Plasmonic 
graphene-based antenna, which allows the formation of SPP waves, can be considered for 
nano-scale devices. The frequency of operation of SPP waves can be tuned by material 
doping as graphene’s conductivity varies with chemical doping, Fermi energy, and electron 
mobility (Abadal et al., 2017). 


16.2.2 Channel Properties 


Channel models capturing the effects of various losses like spreading and blocking and 
noise effects summarize the changes that a wave goes through as it travels from a source 
to its destination. Since channel properties are different for this high-frequency band, 
appropriate channel loss and noise models need to be proposed before designing an effi- 
cient communication system. Since most use-cases include short-range communication, 
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reflection, and penetration from the nearby walls, ceilings and objects are to be taken 
into account. Further, at this frequency band, almost all objects behave as scatterers for 
THz waves. 

Usually, two methods are employed for channel model investigations: deterministic 
methods and statistical methods (Han and Chen, 2018). Even though the deterministic 
model, such as the ray tracing method, is specific to the study environment, it is highly 
accurate. These methods need detailed geometrical information about the environment 
and are computationally intensive. Further, the model’s complexity increases with the 
increase in the size of the investigated environment, making them more suitable for indoor 
environments due to controlled variations (Bile Peng et al., 2016). Their effectiveness gets 
reduced further because the results can hardly be utilized in a modified scenario despite 
minimal changes. 

Observing the complexity involved in deterministic models, statistical models based on 
the empirical channel studies have been considered (Chen et al., 2019). Due to higher fre- 
quency bandwidth, the multipath components can be easily resolved in the time domain. 
Therefore, rather than using narrow-band based models like Rayleigh, or Rician models, 
tap delay line based models have been proposed. In this direction, statistical investigations 
are performed for different multipath components to achieve a tap delay line model, which 
requires study of the direction of departure, direction of arrival, time of arrival, and com- 
plex amplitude. Considering the possibility of combining arriving multipath components 
as a cluster, a cluster-based statistical channel model has been proposed in Akdeniz et al. 
(2014). However, these models are limited because the information regarding channel cor- 
relation function and power delay profile is difficult to obtain. 

During the electromagnetic transmission of the THz wave through the medium, the 
medium molecules shift from one energy level to another level due to atmospheric absorp- 
tion. This phenomenon is referred to as molecular absorption and presents a loss of 
transmitted signal because a part of signal energy gets converted into kinetic energy of 
molecules. Along with the background thermal additive white Gaussian noise, which is 
termed as sky noise, there is another component called atmospheric absorption noise. 
Molecular absorption noise is that random component which results from the emission of 
energy absorbed by medium molecules while returning to their original states. Since this 
noise component is caused by the transmission of the signal in the medium, it is termed as 
self-induced noise (Kokkoniemi et al., 2016). 


16.2.3 Physical Layer Techniques 


For efficient utilization of available communication bandwidth, the physical layer’s modu- 
lation and coding techniques should be designed to match the THz channel’s characteristics. 
Modulation helps in tuning the transmitter characteristics to that of channel behavior, and 
coding attempts to overcome the effect of loss due to channel impairments. Due to smaller 
antennas, a large number of antennas can be utilized under the MIMO scheme, which can 
help obtain diversity and directivity. 

Simple continuous-wave modulation techniques such as on-off keying (OOK) have 
been considered for on-chip wireless communications between inter-connects (Laha et al., 
2015). Because of the variation in the transmission window, the channel shows distance- 
dependent behavior, so distance-aware modulation schemes should be considered. For 
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short-range communication, a pulse-based ON-OFF modulation scheme has been 
discussed in Jornet and Akyildiz (2014a). Further, it is worthwhile to investigate if the 
complete channel should be used as a single broadband channel or a collection of parallel 
channels in multi-carrier communication. Toward this end, the creation of parallel channels 
for sharing the total bandwidth and utilization of M-ary QAM has been investigated (Han 
and Akyildiz, 2014). Although this scheme proposes to offer data rates in the range of 
Tbps, there is high complexity in the overall transmission system. 

Conventional channel codes attempt to provide error-free communication. However, 
the requirements in the THz environment are different. Here, the coding schemes should 
consider the decoding complexity, decoding power, and decoding time. This new require- 
ment stems from the fact that due to Tbps links, the involved data payload is huge, and 
the power limitations are imposed because of the constrained nodes involved in IoT-based 
communication. Instead of attempting error correction, error prevention can be a suit- 
able strategy (Jornet, 2014). Further, similar to the distance-based modulation scheme, 
there could be a distance-dependent coding scheme that varies according to the channel 
conditions (Moshir and Singh, 2016). 

Multiple antennas can be considered at the transmitter to overcome the short-distance 
limitation of THz communication and help improve the communication distance (Lin and 
Li, 2015). However, they can be employed for increasing data rates as well. Due to very 
small wavelengths, the feasibility of using multiple nano-antennas leads to massive MIMO 
usage as another opportunity that can be used to serve multiple users (Zakrajsek et al., 
2017a). However, the usage of massive MIMO for data rate enhancement does not appear 
as a suitable option for nano-networks due to the involved computational complexity and 
resource requirements. 


16.3 Terahertz Wireless Channel Modeling and Characterization 


Since the channel properties are different at the terahertz range, suitable channel models 
have to be investigated. Analytical studies look for a simpler channel model, while more 
advanced and sophisticated channel models are needed for studies leading to the realiza- 
tion of practical communication networks. Channel properties are different for the line 
of sight (LOS), and non-line of sight (NLOS) communication because signal suffers losses 
due to blockage and atmospheric absorption. In this section, we present some of the basic 
properties of THz channel and then briefly discuss some of the suitable channel models 
investigated in the literature. 


16.3.1 Basic Channel Properties 


This section presents the mathematical models for the key attributes of the THz channel. 
The transmitted signal suffers from spreading loss and atmospheric absorption loss. The 
channel observes sky noise and absorption noise. 


16.3.1.1 Spreading Loss 


The path loss for an electromagnetic wave in the THz frequency domain, traveling in the 
air, is composed of spreading loss and absorption loss. Spreading loss caters to the loss 
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of signal due to the expansion of the wave as it propagates in the medium, that is, air. 
The loss is measured through free-space path loss which can be described as (Jornet and 
Akyildiz, 2011) 


Ara (f51) = 64] 


Cc 


where f is the frequency of the electromagnetic wave, c is the speed of light, and r is the 
path length. Due to significantly high spreading loss in the THz band, the communication 
distances are usually small. 


16.3.1.2 Absorption Loss 


In the frequency range of THz, electromagnetic transmission through wireless medium 
results in molecular absorption. Usually, air molecules have random motions, and the 
absorption of electromagnetic energy either increases their kinetic energy or move them 
to higher energy states. Both of these results in loss of communication power termed as 
absorption loss. Total absorption loss that a wave of frequency f suffers while traveling 
distance r can be expressed as a function of transmittance of the medium (Jornet and 
Akyildiz, 2011) 
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where t(f,7) is the fraction of electromagnetic radiation that can pass through the 
medium. The absorption coefficient k(f) depends on the particular mixture of molecules 
found along the channel. k(f) is obtained as a summation of individual absorption 
coefficients ki: (f) for all the isotopologues of each gas in the terahertz band. The absorp- 
tion coefficient of an isotopologue i of gas g, which is a molecule that differs only in iso- 
topic composition, for a molecular volumetric density O”: at pressure p and temperature 
T is given as 


kie (f)= PTEE Qisas (f) 


where p, and Ty;p are the standard pressure temperature values, and 0”: is the absorp- 
tion cross-section for the isotopologue i of gas g. For a given gas, molecular density O” 
is obtained using the ideal gas law. Absorption cross-section o*8 is obtained using line 
intensity, which identifies the absorption strength of each molecule and spectral line shape, 
depending on the resonant frequency of each isotopologue. 


16.3.1.3 Sky Noise 


Sky noise is caused by the temperature of the signal absorbing atmosphere behaving like 
a black body radiator. Thereby, sky noise can be considered as background noise. This 


450 Next Generation Wireless THz Networks 


phenomenon is measured in terms of emissivity of the channel £, which is defined as 
(Jornet and Akyildiz, 2011) 


e(f,r) =1-1(f,7) 


where 7(f,r) is the transmissivity of the medium at frequency f for a path length r. The 
equivalent noise temperature of the atmosphere is obtained as 


Tay (fs) = Te (fr) 


where T, T is the reference temperature of the atmosphere. Assuming no other losses, the 
sky noise can be stated as 


Nay (Tfr) = kg ToB Fe (f.r) 


where k, ks is the Boltzmann constant, B is the transmission bandwidth of the system, and 
F is sky noise acceptance factor of the receiver. 
While discussing the general behavior of sky noise, it can be alternatively described 
2hr h fe)" npe 
using the Planck’s function B(T,f) z adu — 1) as (Kokkoniemi et al., 2016) 


Nay (Tos fs) = B(T, fe (fr) = B(Tof) 


where b is the Planck’s constant. Observing that the antenna temperature is approximately 
constant in THz band, the atmosphere radiates according to Planck’s law. Sky noise using 
the Planck’s function is the background noise, while molecular absorption noise is an add- 
itional component over it. Considering the ideal antenna temperature, the power spectral 
density of sky noise can be further approximated as 


N,; (Tf) = Bf) 


16.3.1.4 Molecular Absorption Noise 


While passing through the medium, electromagnetic waves excite molecules to higher 
states, which leads to random noise signals due to emission by these molecules while 
coming back to their original states. This factor affects the normal propagation of energy 
through the medium. Assuming that all the energy absorbed from the transmitted signal 
gets converted into molecular absorption noise, it can be expressed as (Kokkoniemi 
et al., 2016) 
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where P}, is power spectral density of transmitted signal, and 47? takes care of 
spreading loss. 

The total noise power spectral density at the receiver side is calculated as the summation 
of sky noise and molecular absorption noise as N (f,r) = N, (15) + Nom (r,f). The equiva- 
lent noise power, for a transmission bandwidth B can be calculated as 


P, (fr) = JN (for) of 


16.3.2 Multi-ray Channel Model 


Ray tracing method has been utilized to identify the THz channel model using the propa- 
gation properties of the line of sight (LOS), reflected, scattered, and diffracted electro- 
magnetic waves (Han et al., 2015). The line of sight component faces the spreading loss 
and the absorption, as described in Section 16.3.1.1. In the THz band, any surface with 
its roughness of the order of the communication wavelength range behaves as scatterers. 
Thus, a surface could be smooth for lower frequency signals but can scatter THz signals. 
Next, we discuss the behavior of different multipath components, such as reflected, 
scattered, and diffracted waves (Figure 16.3). 


16.3.2.1 Reflected Wave 


Denoting the reflection coefficient as R, the distance between the transmitter and reflector 
as n, and between reflector and receiver as n, the transfer function of the reflected wave 
can be expressed as 


c ~j2mf ra- k(Pn+n) y 
Hao eee e 2 *R 
(f) (2 5 =} (f) 


where Ta is arrival time of the reflected wave which can be given as 
Tre = Tios t(n +n —7)/c and Tios =f 1c. 


Scatterin 
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Figure 16.3 Principles of wave propagation in wireless communication. 
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Using Kirchhoff scattering theory, the reflection coefficient of a rough surface can be 
stated as 


R(f) = Yr (f)e(f) 


where Yr (f) is the Fresnel reflection coefficient for TE-polarized wave for a smooth sur- 
face. p(f) is the Rayleigh roughness factor of the surface, having surface height standard 
deviation as 0, which can be characterized as 


re +r -r 


where 8, = Zcosi| is the angle of incidence, obtained after geometrical 


PA 
simplifications. For a TE-polarized wave, the Fresnel reflection coefficient over a smooth 
surface can be given as 


(Ei ool itt 


n? -1 
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where n; is the refractive index of the medium. 


16.3.2.2 Diffracted Wave 


Due to the shorter wavelength (THz frequency), the diffraction effect around the edges 
can be ignored in an indoor environment (Han et al., 2015). For non-line of sight (NLOS) 
cases, diffraction can be characterized by the uniform geometrical theory of diffraction. 
The diffraction channel transfer function can be stated as 


c = jaf tvi -2k(f)ditde) y 
a | *[ 
pie (F) ri) 2 (f) 


where d, is the distance from the transmitter to the diffractor, d, is the distance between 
diffractor and receiver, Tpit = To + Ôd / c is the time of arrival of the diffracted wave. The 
path difference between the diffracted wave and the LOS wave ôd can be obtained using 
hi (d, +d.) 
2did, 


obtained as an approximation to Fresnel integral as 


geometrical simplifications as ôd = . The diffraction coefficient L(f) can be 


Li (£)(0.5e-95540), for O<vs1 
L(f) = m (f)(0.4- 0.12 -(0.38-0.10(f)P), for 1 <v <2.4 
u; (£)(0.225/v(f)), for 2.4 <v 
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2 i 
where v(f) = fa , and pu u> and u; are frequency-dependent parameters that are suit- 
c 


ably chosen to match the empirical data. 


16.3.2.3 Scattered Wave 


In the THz frequency band, the surface roughness is of the order of the wavelengths of the 
electromagnetic wave, which causes the scattering phenomenon to be highly predominant. 
The transfer function of a scattered wave can be given as (Han et al., 2015) 


c = [2 af tsa -S(F)(51+52) y 
H a AAAA 2 a S 
al) i (f) 


where Tsa = Tios + (s1 + s2 —r)/cis the time of arrival of the scattered wave when the scat- 
terer is at sı distance from the transmitter, and the receiver is s, distance from the scatterer. 
For large angles of incidence and scattering, the scattering coefficient of rough surfaces can 
be approximated as (Ragheb and Hancock, 2007) 


where 6, is the zenith angle of the incident wave. For a detailed discussion on evaluation 
of other parameters like p,, g,v, etc. kindly refer (Ragheb and Hancock, 2007). 


16.3.3 LOS and NLOS Characterization 


Developing on the fundamental properties of the channel, detailed LoS, and NLOS channel 
model suitable for frequency range in 0.1-10 THz has been presented (Moldovan et al., 
2014). To identify molecular absorption loss, fraction of water in the air is obtained using 
the relative humidity (RH). RH expressed as a percentage ratio of dry mass mixing ratio 
with saturation mixing ratio as RH = T can be obtained using 

sat 


qa, 20622", and qa =0.622 L= 
B Pix p os Prat 


where p,,, and Pas are actual water vapor pressure and saturation vapor pressure. p,,, can 
be obtained using Magnus formula 


at = K 
Psat al T) 


where K, = 610.94P, K, = 17.625, and K, = 23.04 are obtained by measurements. 
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In the indoor environment, the LOS may be blocked, and NLoS plays a vital role in 
wave propagation. The characteristics of reflections are obtained as a function of the 
scattering coefficient, which is obtained as a sum of specular spike component of the 
reflection and specular lobe component, which relates to the scattered field because of 
the surface and is distributed around the specular spike (Moldovan et al., 2014). 


16.4 Signal Processing Design and Multiantenna Techniques 
for Spectral Efficiency Enhancement 


Modulation and coding techniques have to be weaved around the channel properties to 
improve spectral efficiency. Since the data rates are very high, in the range of Tbps, a loss 
in communication may lead to burst errors. Thus, suitable burst error correction schemes 
are to be investigated. With the possibility of placing a large number of antennas, massive 
MIMO is a promising option for improving spectral efficiency. Suitable signal processing 
schemes such as beamforming needs more in-depth investigations. 


16.4.1 Modulation Schemes 


Even though the existing modulation schemes can be utilized in the THz band, they may be 
highly ineffective because the THz channel shows the frequency and distance-dependent 
behavior, which requires specifically designed modulation techniques. 


16.4.1.1 Pulse-based Modulation 


For short-range communication, a femtosecond pulse-based asymmetric on-off keying 
modulation spread in time (TS-OOK) scheme was investigated (Jornet and Akyildiz, 
2014a). To keep the transmission and reception simple, a logical 1 is represented by 
a pulse, while the absence of the pulse represents a logical 0. Each burst of transmis- 
sion begins with a preamble to differentiate between logical 0 and the silence period of 
inactivity between communicating devices. The time between consecutive transmissions is 
fixed such that devices need not sense the channel all the time, and this also removes strict 
synchronization requirements. Since the time between successive transmissions is more 
than the pulse duration, there are significant silence zones. This offers the flexibility of 
multiple access between communicating devices with very little possibility of collision and 
that too without a central controller’s need. 

TSOOK has an inherent limitation: if data of any two users collide during one slot, it is 
bound to collide at all slots. By varying the time slot durations of users, and thereby chan- 
ging their rate of transmissions, an improvement in terms of rate division TSOOK (RD- 
TSOOK) has been proposed (Pujol et al., 2011). These two modulation schemes have been 
compared in Figure 16.4. Figure 16.4(a) describes the TSOOK scheme with transmitter-1 
and transmitter-2 transmitting their respective data, (1101) and (1110), using the same 
slot duration. In case there is a collision at one slot, then data of both the users will collide 
at all the slots. Figure 16.4(b) describes RD-TSOOK scheme, where usage of different slot 
duration results in better collision avoidance. 


Smart THz Wireless Communication Zones 455 


je slot duration = rc n ata 
TX, | Ta i | | | 

1 1 o 1 
mii, ff 


TX, T: 


(b) 


—»| |«- propagation delay 
wyj 


Figure 16.4 Examples of modulation techniques utilized in terahertz communication. 


16.4.1.2 Distance-Aware Multi-Carrier Modulation 


To utilize the distance and frequency-dependent behavior of THz channel, a distance 
aware multi-carrier (DAMC) modulation scheme is proposed in Han and Akyildiz 
(2014). DAMC is realized in a centralized control unit, which identifies the communica- 
tion windows based on the communication distance. Each transmission window is fur- 
ther divided into smaller sub-windows used for multi-carrier communication, where each 
sub-carrier is modulated using MQAM modulation. The modulation index M is suitably 
chosen to satisfy the bit error rate requirements at the receiver. Orthogonal frequency div- 
ision multiple access (OFDMA), another potential multi-carrier technique, is not suitable 
in THz band due to strict inherent synchronization requirements and unavailability of 
digital processors at such high rates. In the proposed DAMC scheme, there is a trade-off 
on the number of subcarriers. More number of subcarriers reduces the sub-window, which 
reduces the transmission complexity. However, a large number of carriers increases the 
overall complexity of the complete modulation scheme. 


16.4.2 Coding Schemes 


Channel coding can improve data rate by detecting and correcting any transmission errors 
due to channel effects. However, detection would cost in terms of re-transmission, and 
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correction would cost in terms of decoding time and complexity, which is an inherent limi- 
tation on a network of resource-limited IoT devices. 


16.4.2.1 Error Preventing Codes 


Decoding time is a crucial parameter because, at the rate of Tbps, it appears far better to 
prevent errors rather than doing error correction. Toward this end, an error preventing 
coding strategy has been proposed in Jornet (2014). It has been analytically shown that 
the effect of the absorption noise and interference can be reduced by varying the weight 
of the code (i.e., the number of 1’s in the codeword) without compromising on the infor- 
mation rate performance of the code. Thus, through the utilization of low-weight channel 
codes, the effect of noise can be minimized. With the lower code weight resulting in larger 
code words, there is a simple doubt if it is worth to send more bits for the same amount 
of information. It has been shown that the information rate after coding gets improved by 
this scheme, and there exists an optimal code weight that can minimize the noise effects. 


16.4.2.2 Minimum Energy Coding 


Minimum energy coding (MEC) is a strategy where codewords are chosen to minimize 
the average codeword power. While retaining the inherent benefits of minimum energy 
codes in transmission power saving, an improved MEC satisfying a minimum Hamming 
distance criteria for more robust error-correcting capability has been proposed (Kocaoglu 
and Akan, 2012). After identifying the minimum required code word weight for a given 
Hamming distance, the error performance of larger Hamming distance codes has been 
investigated. It has been observed that reliable error-free communication can be ensured 
by keeping a sufficiently larger Hamming distance provided source set cardinality is less 
than the inverse of symbol error probability. 


16.4.2.3 Minimum Energy Source Coding 


Based on the same concept, minimum energy source coding that attempts to reduce the 
number of 1’s compared to 0’s in a source symbol has been presented for nano-networks. 
The algorithm uses a dictionary that maps fixed-size input symbols to output symbols such 
that frequent symbols are attached with a code having a lesser number of 1’s (Zainuddin 
et al., 2014). 


16.4.3 MIMO Schemes 


The THz band provides a unique opportunity in terms of massive MIMO as a large number 
of antennas can be placed inside a small footprint. Utilizing the MIMO beamforming tech- 
nique, a narrow beam can be directed toward a distant user to overcome the issues with 
channel propagation like absorption loss. 


16.4.3.1 Adaptive Beamforming 


To tune to the distance and frequency-dependent behavior of the THz band of communi- 
cation, a distance-aware multi-carrier transmission scheme has been proposed Lin and Li 
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(2015). A hybrid approach utilizing analog as well as digital beamforming has been sub- 
mitted. Analog beamforming has been considered in the radiofrequency domain for user 
grouping and interference cancellation, while digital beamforming has been considered at 
baseband for dynamically selected sub-arrays. The scheme proposes adaptive power allo- 
cation and low complexity antenna sub-array selection policy that can serve users located 
at different distances from the transmitter. 

Recently, the concept of ultramassive multi-carrier multiple-input multiple-output 
(UMMC MIMO) communication using ultra-dense frequency-tunable plasmonic nano- 
antenna arrays has been proposed and its performance has been analytically evaluated 
in Zakrajsek et al. (2017b). Utilizing the THz plasmonic nano-antenna array’s abilities, 
in which each element of the array can be tuned independently at the transmitter and the 
receiver, an optimization framework has been proposed that caters to the spreading loss 
and absorption loss of the THz channel. 


16.4.3.2 Multiplexing 


It has been observed that molecules absorbing electromagnetic waves re-emit them in the 
environment at the same frequency. This re-emission behaving as the delayed version of 
the original signal has been highly correlated with the primary signal. It can be considered 
for reaping the benefits of multiplexing even on an LOS path (Hoseini et al., 2017). It 
has been observed that the gain from multiplexing can override that from beamforming. 
After deriving a beam domain channel model suitable for massive MIMO communica- 
tion in the THz band, a beam division multiple access scheme is proposed that uses per 
beam synchronization. It has been observed that the effective delay and Doppler spread 
of wideband channels are reduced compared to conventional synchronization approaches 
(You et al., 2017). 


16.5 Optimal Cooperation over Shorter Links for Enhancing 
the QoE for High Data Rate Applications 


THiSCoZ is a high activity zone, which is limited in coverage. This would lead to a rela- 
tively more number of cells in a given area. With a very high density of small communi- 
cation zones, energy-efficient optimization of resources is an important research direction 
toward the vision of green communication. Further, medium access control strategy and 
relaying strategies can be employed for better resource management. 


16.5.1 Medium Access Control 


Medium access control (MAC) in THz has to be designed from a different perspective 
because the transmissions are distance and frequency-dependent and also are of short time 
duration. The later feature helps in reducing the probability of collision. Thus, an efficient 
MAC needs to be investigated. A physical layer aware MAC protocol utilizing pulse-based 
communication, and using a low-weight channel coding scheme, maximizing the prob- 
ability of successful decoding of transmission has been proposed in Jornet et al. (2012). 
A detailed classification of MAC protocols for the THz band, emphasizing the need for 
efficient MAC design and a comparison of the existing approaches, has been presented in 
Han et al. (2019). 
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16.5.2 Cooperation among Nodes 


Since communication distances are limited, there is a possibility of cooperation among the 
IoT nodes by forwarding neighboring node data. Thus, it may be possible to identify some 
of the capable nodes as cluster heads, which may help communicate the information of 
nodes in their neighborhood. The outage capacity of a cluster-based forwarding scheme 
has been investigated in a body area network in Afsana et al. (2015). An energy-efficient 
forwarding scheme for a cooperative nano communication system has been studied in 
Afsana et al. (2018) for a wireless nano-network consisting of hybrid clusters. 


16.5.3 Relaying 


The terahertz band of communication offers high data rates, but the channel characteristics 
are such that the communication distances are quite small. This leads to the requirement 
of the utilization of relays for coverage enhancement. Considering the bit error rate as 
the performance metric, both decode and forward (DF) as well as amplify and forward 
(AF) relays have been studied in a nano-network system model, and BER expressions 
have been derived (Rong et al., 2017). Having observed the utility of relays, the next 
design issue is optimal resource allocation, which includes power allocation at source and 
relay, and relay placement for efficient utilization of given resources. Toward this end, a 
mathematical framework has been investigated in Xia and Jornet (2017) to optimize the 
relaying distance to maximize the system throughput considering the effect of the channel, 
antenna, and network layer, that is, cross-layer optimization. 


16.6 Concluding Remarks and Future Research Directions 


This chapter presented a comprehensive reading in a step by step manner. After providing 
a brief survey on state of the art, discussions on the key aspects like channel modeling, 
signal processing, and communication techniques, and cooperation among nodes have 
been presented (refer Figure 16.5). Even though THiSCoZ offers fast data rates in special 
communication zones with short coverage distance, there are many issues to be addressed 
before it comes to reality, which has been presented in the following. 


16.6.1 Deeper Channel Investigations 


While improving the channel model, there is a need to study reflection and scattering of 
THz waves over various materials found in an indoor channel environment. Further, small 
changes in the vicinity may harshly affect the channel properties, making the channel 
conditions pretty random and unpredictable. Thus, the channel model should be adaptive 
to accommodate randomness at micro as well as macro level. Investigations on time- 
varying behavior of channel require research attention, as outdoor channel environments 
may not necessarily be static. To realize a network of wearable devices, short-distance 
channels over different body organs with skin tissues’ dependent signal adsorptions need 
special investigations. The channel properties may be highly random due to the movement 
of various organs of the body, making it a challenging task. A real-time simulator can help 
investigate multiple technological advancements in the lab environment, which will lead 
to more extensive THz technology applications in real life. 
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Figure 16.5 Research directions in terahertz communication. 


16.6.2 Communication Techniques 


Because of the inherent presence of frequency windows, the femtosecond pulses used for 
TS-OOK communication are broadened, leading to severe communication challenges that 
need detailed investigation. The interference thereby introduced may further hamper the 
rate of transmission. With massive MIMO, inherent difficulties of synchronization and 
channel estimations appear, both of which require a thorough understanding of the system 
properties such as channel characteristics, before realizing practical communication zones. 


16.6.3 Cooperation and Relaying 


While implementing cooperation among nodes in a dense network through cluster heads, 
cluster size selection, head selection, number of clusters, routing protocol, and amount 
of off-loading are some of the critical questions before congestion comes into the pic- 
ture. While considering relays, optimal resource allocation between source and relay, 
relay selection, and relay placement are design considerations that need to be investigated 
from the energy efficiency point of view. Handovers between THiSCoZ is another critical 
challenge due to the involvement of very high data rates. Due to the smaller coverage area, 
there exists a high possibility of crossing many zones during a call by a mobile device. In 
such a scenario, handover latency, be it either soft or hard, is another exciting research 
direction to keep the connection alive. Moreover, novel green-optimized medium access 
control protocols for maximizing the achievable throughput in both dense and sparse het- 
erogeneous ad-hoc nano-networks need investigations. 


16.6.4 Security Concerns 


IoT, being a network of devices that are either collecting, processing, or receiving informa- 
tion based on a different layer of a system architecture that they are placed in, is prone to 
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security concerns. Privacy issues arise at all layers of IoT architecture, namely, perception 
layer, network layer, and application layer. Maintaining the critical aspects of security such 
as confidentiality, integrity, availability, and trust requires a layer-wise thorough investiga- 
tion based on the severity of the attack’s impact, which largely depends on the criticality 
of the information. Building up a common trust platform where devices from various 
vendors could share their data reliably with each other is a significant focus area before 
the idea of THiSCoZ comes to reality. Investigation on the impact of false information 
injection by a malicious node is required, as it could lead to manipulation in the system’s 
behavior. Similarly, ensuring identity verification is a crucial challenge as impersonation 
could lead to information leakage. 
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This chapter looks to investigate and detail the possible methods of integration of THz 
wireless links as part of a traditional data centre network. In order to achieve this inte- 
gration, a number of questions need to be answered on how THz links can interact with 
all other devices and links typically found in a data centre network. Software-defined 
networking (SDN) plays a prominent role in modern data centres, meaning integration of 
THz links using SDN principles is required.[1] Achieving this integration enables a new 
form of communication technology to be introduced to SDN data centres, with the vast 


majority of previous networks only utilizing fixed point-to-point wired links.[2] 
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17.1.1 The Need for Terahertz Technology 


Wireless network technologies are seldom seen in modern data centres. The primary 
reason for this is the inability of current wireless technologies to meet data centre network 
performance requirements. Both very high data rates and very high reliability are key 
performance metrics for good data centre network performance. Bit rates of 25 Gigabits 
per seconds (25 Gbps) for a single link with bit error rates (BER) of 1 x 10 or greater 
are expected in a modern data centre environment.[3] Currently these requirements can 
only be met using wired communication technologies such as copper or optical fibre links. 
The latest standard of the wireless network technology Wi-Fi (802.11ax) in comparison 
achieves a theoretical data rate of 9.5 Gbps, which is less than what is required, with 
a BER of 1 x 10~ being several orders of magnitude below requirements also.[4] It is 
also well known that Wi-Fi networks links rarely achieve their peak theoretical perform- 
ance due to several environmental variables such as interference and other nearby devices 
sharing the same wireless channel.[5] 

A new type of device capable of wireless communication is currently in development. 
This device is known as a uni-travelling carrier photodiode (UTC-PD).[6] Where Wi-Fi 
networks typically operate in the 2.4 and 5 GHz frequency bands, UTC-PDs can transmit 
data at wireless frequencies of 300 GHz and beyond. The increased frequency and band- 
width available to these devices allows them to achieve performance levels which may 
be physically impossible for Wi-Fi due to spectrum saturation. Laboratory tests of these 
devices show data rates of 100 Gbps[7] and a BER of 1 x 10 at 60 Gbps.[8] This per- 
formance is much higher than Wi-Fi and these THz wireless devices are thus potentially 
capable of satisfying the requirements of data centre networks. This presents the poten- 
tial for adoption of these new types of wireless links into a data centre environment. The 
introduction of a wireless network technology into an environment which previously 
relied on wired links has the potential to bring broad changes to future data centre 
network’s physical design and logical architecture. In order for this to occur, a number 
of challenges must be overcome to integrate these THz UTC-PD devices with data centre 
network devices. 

The first step towards this integration is a method to enable data centre network devices 
(such as a network switch) to monitor and control THz wireless devices. An interface 
between the THz device and a network switch needs to be defined. This interface needs to 
be compatible with the electronics controlling the THz device, and the operating system 
(OS) running on the network switch. Once this interface is defined, a method to abstract 
this interface such that it can be controlled using SDN principles needs to be investigated. 
A number of SDN protocols exist that are capable of this abstraction, provided extensions 
are made to the protocol to support THz links. This chapter will detail the implementation 
of these extensions with three SDN protocols: OpenFlow,[9] P4,[10] and NETCONE[11] 

Once the architecture and abstraction of THz link parameters is defined, designing an 
architecture of SDN virtual network functions (VNFs) to utilize THz links is required. 
VNFs are a virtual and software-defined implementation of network features frequently 
used and utilized in hardware in traditional enterprise networks such as routers, load 
balancers, and firewalls.[12] In a similar fashion to the previous requirement, these VNFs 
require an extension in order to be able to control and manage THz wireless links. As these 
functions are software-defined, this enables the extensions to be implemented relatively 
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quickly and without any possible hardware incompatibility issues.[13] If the required THz 
parameters necessary to perform the required function have been abstracted using an SDN 
protocol the VNF can quickly access and control the THz link through the protocol’s 
application programming interface (API).[14] 

Finally, the creation of a network architecture capable of controlling THz links using an 
SDN network protocol is also required. This entails the definition of a hardware system 
capable of processing and controlling the various physical layer (PHY) parameters neces- 
sary for THz links to perform effectively. This system needs to be accessible using an 
SDN networking protocol through an API. Once the SDN protocol has access to these 
parameters, an autonomous SDN controller can use these parameters to operate VNFs 
provided the VNF has been programmed to process the now available THz wireless 
parameters during operation. These requirements will be detailed and defined in the 
following section of this chapter. 


17.1.2 Background 


A modern data centre architecture revolves around a leaf-spine fabric topology.[15] This 
topology is typically used in a data centre as it is scalable and reliable. It is also flexible in 
the sense that it can usually achieve a high average data throughput for most application 
workloads. The physical network itself, however, is not flexible with the point-to-point 
optical links in the network rarely being modified once installed. Thus a leaf-spine top- 
ology is considered a good general approach to data centre network architecture but will 
often not achieve maximum performance for a given network application. With the advent 
of SDN, an abstraction was created that enabled the forwarding plane of network devices 
to be programmable, and more flexible than traditional networking. Applications could 
now take advantage of features such as network function virtualization (NFV), which 
could program the forwarding plane of their network to achieve more optimal perform- 
ance.’ The point-to-point nature of optical links still presents an optimization problem as 
this physical constraint means that the leaf-spine topology remains the architecture of 
choice. For applications that require ultra-low latency for example, this topology can 
potentially have a large negative performance impact on a large-scale network. Racks of 
servers in the data centre could be potentially physically close to each other but logically 
distant in the network. For each switch, a packet is transmitted through in the network 
that switch has to process that packet in its forwarding plane. This takes a certain amount 
of time with switching latencies ranging from 5 to 125 microseconds per packet.[16] The 
likelihood of a network packet being delayed due to other network traffic also increases 
with each switch it must pass through. Therefore for ultra-low latency applications redu- 
cing the number of switches a packet must pass through in the network is key to maintaining 
a high network application performance level. Such a change in the network topology is 
not possible in current wired datacentre networks. With the implementation of THz 
wireless links, however, flexible and service-driven network topologies are possible. THz 
wireless links can support point-to-multipoint connections and are capable of features 
such as beam steering to different nodes. These features enable one to create a network 
topology more efficiently architected to the application workload that will operate within 
it. The nature of THz wireless technology also allows it to utilize other advanced network 
features being deployed in 5G wireless networks but not yet seen in datacentre networks 
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Figure 17.1 SDN network architecture. 


such as network slicing.[17] This feature among others may play a key role in the future 
of THz networks and their application to not only datacentre networks but also mobile- 
edge and transport networks. 

SDN is a key technology implemented in modern data centre networks enabling separ- 
ation of a modern network’s control plane from the packet processing data plane. This sep- 
aration allows network functions to be virtualized into software, with data plane devices 
to be controlled and managed inter-operably using a common API. The general archi- 
tecture of SDN can be seen in Figure 17.1. Data plane devices such as network switches 
enable connectivity between all other devices on the network using a variety of physical 
connections. In this example, the addition of THz links to the network is shown as a 
dotted line alongside traditional copper and optical connections in black. 

To achieve SDN control of THz links and advanced THz VN’s, the data plane devices 
must be capable of passing information about the physical operating parameters of the 
THz links to an SDN controller via an API. Once the controller has access to the THz 
parameter information VNFs can be created for using that information to enable network- 
level support for advanced THz features. Once these THz VNFs have been standardized, 
they can be integrated with network management plane software, which can maintain a 
heterogeneous network of copper, optical and THz links using its available VNFs. The 
operation of these VNFs and SDN controllers will be defined by service-level agreements, 
which define what network performance requirements are desired by the users of this 
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network. This in turn will impact how the SDN controller autonomously manages its net- 
work of links in order to achieve the desired requirements. 

The integration of THz links with SDN will pave the way for adoption of THz technology 
in data centre environments. The ability for THz links to be autonomously configured in 
real time with future advanced features such as multiple input multiple output (MIMO), 
beamsteering and switching, and time division multiple access (TDMA) could present a 
drastic change in the network architecture of future data centre deployments.[18] The 
increased flexibility offered by THz links over their copper or optical counterparts could 
enable future THz data centre designs and topologies to utilize all possible available net- 
work bandwidth provided by the underlying infrastructure, something previously impos- 
sible with wired links. This combined with the ability to modify available bandwidth 
between devices within the infrastructure in real time based on user requirements presents 
a strong argument for continued research and development for wireless data centre links. 


17.1.3 Comparison with Related Works 


The idea of using THz devices in a data centre network environment is still relatively new 
given the recent development of THz devices capable of high-speed communication at the 
time of this publication. Much of the current research with THz devices and data centre 
environments revolves around modelling and characterization of THz signals and their 
behaviour within a typical data centre.[19],[20],[21],[22] These PHY and medium-access 
control (MAC) layer research efforts are an important part of THz device development for 
data centre use and will be incorporated into future THz devices as they progress towards 
commercialization. Research to develop network protocols for THz devices at the network 
layer (NET) is comparatively sparse, with most of the research in this area focused on NET 
integration of THz devices in 5G and telecom communication infrastructure as opposed to 
data centre networks.[23],[24] The TERAPOD research project is specifically focused on 
the development of THz devices for the data centre, with some initial focus and research on 
development of NET protocols for integrating THz devices into an SDN data centre.[25],[26] 


17.1.4 Assumptions 


In order for development of NET protocols to continue for THz links a number of 
assumptions must be made. In Section 17.2, the development of application-specific 
integrated circuit (ASIC) used to control THz devices is described followed by the def- 
inition of SDN protocols based on this architecture. In Section 17.3, it is assumed that 
this architecture has been already created for the purposes of implementing THz network 
functions. As ASIC development for THz devices will not occur until much later in the 
THz development and commercialization process, the THz network functions have been 
designed using simulated values the SDN controller would receive from the ASIC. 


17.2 Integration Frameworks for THz Wireless Links in a 
Software-Defined Network 


17.2.1 A Hardware Control System for THz Wireless Links 


The first step towards full integration of THz wireless links as part of SDN is development 
of an electronic system that can monitor and control the various physical-layer parameters 


468 Next Generation Wireless THz Networks 


RX data (+) 


RX data (-) 


TX data (+) 


TX data (-) 


SFP Optical Transceiver 


Figure 17.2 Internal configuration of an optical SFP module. 


necessary for THz wireless communication. For a THz link to be useful in data communi- 
cation, a number of physical parameters such as wireless frequency, power, noise, and 
more need to be known. These types of parameters must be monitored by various sensors 
placed throughout the THz system in order to ensure the hardware is operating within 
specification. As the development and commercialization of THz devices continues, the 
creation of an ASIC solely designed for the management of a THz wireless device will be 
developed. This type of ASIC is often developed using a simple field-programmable gate 
array (FPGA) with basic functions and memory developed to prevent damage to under- 
lying THz hardware and maintain stable operation.[27] In data centre networks, this type 
of ASIC design already exists to assist in the operation of laser-based optical links. The 
small form-factor pluggable (SFP) standard is a widely used method in data centres to 
insert various types of communication equipment into network devices. These SFP modules 
primarily operate using copper or optical cables with various levels of bit rate and range 
available depending on user requirements. In a laser-based optical SFP module, an ASIC 
exists within the packaged module that automatically monitors and maintains operation 
of the laser according to specifications set by its manufacturer. Accompanying this ASIC is 
a block of electrically erasable programmable read-only memory (EEPROM).[28] This 
memory is used by the ASIC to store values recorded by connected hardware sensors such 
as the lasers temperature, power consumption, wavelength and more. An example of the 
configuration of a laser SFP module can be seen in Figure 17.2 with the ASIC and EEPROM 
memory located in the ‘Diagnostics’ block. 

While this ASIC can provide robust and stable operation of the hardware components 
inside its SFP module, it would be beneficial for the sensor data stored in EEPROM to be 
accessible to the host device the module is plugged in to. This would allow the host device 
to also monitor hardware performance and notify a network administrator with a warning 
if an SFP module is overheating or has encountered some other type of error. To facilitate 
communication between the host device and SFP module, an electrical communication bus 
is required. The inter-integrated circuit (I C) bus is the accepted standard to enable this 
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communication.[29] This bus provides a two-wire (serial clock and serial data) limited 
electrical interface between the host device and the modules EEPROM. 

As data centre network switches typically contain several SFP ports, an PC controller 
is often used to simplify access to each SFP modules EEPROM from the perspective of 
the host device. An example of the operation of this controller can be seen in Figure 17.3, 
where the PC bus master is the central processing unit (CPU) of a network switch in this 
instance. 

In order for a network switch to correctly read and interpret the sensor data contained 
in an SFP’s EEPROM, the switches’ operating system (OS) must contain the appropriate 
software to support interaction with an PC bus. The majority of modern data centre 
switches run an OS based on a Linux kernel with driver support for FC communication 
available.[30] Software can be written utilizing this driver to access and read the EEPROM 
memory of an SFP module. Values can also be written in certain circumstances, allowing 
the ASIC to execute a function based on a memory write event from the host device. The 
parameters and values stored in an SFP EEPROM block are standardized. A multi-source 
agreement (MSA) exists between all major manufacturers of SFP modules to store certain 
information and sensor values in specific memory locations. The SFF-8472 specification 
details the use of two addressable EEPROM memory blocks accessible via the PC data 
bus.[31] One of these blocks is known as the information block containing details about 
the SFP modules manufacturer, serial number and other product information. The second 
diagnostic memory block contains sensor information about the optical hardware within 
the module. These memory blocks are arranged in a series of registers. Each register 
contains two hexadecimal digits the product of which represents a decimal value range 
from 0 to 255 (1 byte). Both memory blocks contain 256 registers split into 128 block 
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Figure 17.4 Contents of an SFP modules EEPROM memory blocks. 


‘pages’. The SFF specification details what information is stored in each register location 
with some values represented as a product or function of two or more register values. To 
correctly interpret the information stored in these registers, a piece of software running on 
the switch’s OS must read the memory blocks using the PC bus and decode the values it 
receives based on the SFF specification. When writing a value to EEPROM if input is given 
in decimal form or another format, it must be re-calculated and re-encoded to the correct 
hexadecimal format required. A ‘raw’ memory dump of both memory blocks can be seen 
in Figure 17.4. This particular memory dump being from a 1550 nm SFP optical trans- 
ceiver module. Note the large number of unused ‘00’ registers, suggesting available space 
for future specification expansion. 

The SFF-8472 specification has been updated numerous times since its inception with 
the current revision version number being 12.3. Separate to this a number of other SFF 
specifications have been created to expand the functionality of optical SFP modules, in 
significant enough ways to warrant a new specification. One of these specifications is SFF- 
8690, which standardizes the method to interact with and control optical SFP modules 
with tuneable laser wavelengths.[32] This specification achieves the implementation of 
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this feature through the use of memory paging. On a tuneable SFP module, the diagnostic 
EEPROM block contains a third block of 128 memory registers. This third memory block 
is accessed by writing ‘02’ to the 127th register of the first block which triggers the ASIC 
to change the information contained in the second-half of the EERPROM block to page 2, 
referring to the new register definitions created in SFF-8690 for tuneable SFPs. Having the 
new memory page accessible using this method allows these modules to be backwards 
compatible with existing SFP network devices though without tuning functionality. It may 
be possible for this functionality to be added to existing network devices with a software 
update, though some devices may not feature the EEPROM write functionality required. 
An excerpt from the SFF-8690 specification can be seen in Figure 17.5 showing some of 
the newly defined registers and what their values represent. Note that the manufacturer is 
given multiple options for which type of physical parameter measurements and units they 
wish to use and store. Different unit types can be stored at different register locations with 
flag registers defined to identify which particular units and mode the manufacturers ASIC 
operates with. As there are a number of different possible units and modes of operation of 
tuneable optical modules all these different possibilities must be accounted for in the soft- 
ware of any network device and OS that wishes to support them. 

With the hardware-level operation of optical SFP modules now known, the applicability 
of this system to THz wireless links is evident. Development of THz wireless links based 
on the principles of the SFP specifications is a logical way of implementing THz device 
compatibility with standard data centre network equipment where the SFP standard is 
already ubiquitous. Like SFF-8690, we propose a similar extension, which enables a new 
memory page containing all physical parameters related to the monitoring and operation 
of THz wireless links. Once THz devices reach maturity an ASIC can be developed to 
maintain operating stability of the THz device. This ASIC will also perform all the new 
THz-related functions available with it being capable of executing these functions when a 
user writes a new value to one of its EEPROM registers. An example of some of the pos- 
sible register definitions can be seen in Table 17.1. Note that these values are for reference 
only to define a prototype for what an official specification may look like. The decision on 
what information to store and in what registers and format will be standardized when 
THz devices reach a higher technology readiness level (TRL). Even after an official speci- 
fication is defined such specifications can still be revised to add new THz functions in the 
future. Expanding on some of the example definitions provided in the table, the WF1 vari- 
able refers to the centre frequency of the THz link. This variable is two bytes in size, 
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Table 17.1 Example of some possible register definitions for THz wireless links 


A2h Address Size Name Description 


Bytes 132 (MSB) and 133 (LSB) 2 bytes WFI Wireless link frequency (GHz), in units of 0.1 GHz 
Bytes 134 (MSB) and 135 (LSB) 2 bytes CWI Wireless channel width (GHz), units of 0.01 GHz 
Bytes 136 (MSB) and 139 (LSB) 4 bytes TXI Wireless TX power (VW), units of 10° W (nW) 
Bytes 140 (MSB) and 143 (LSB) 4 bytes RXI Wireless RX power (WV), units of 10°? W (nW) 
Bytes 144 (MSB) and 145 (LSB) 2 bytes DRI TX Bitrate (Gbps), units of 0.1 Gbps 

Bytes 146 (MSB) and 147 (LSB) 2 bytes DR2 RX Bitrate (Gbps), units of 0.1 Gbps 

Byte 148 | byte BERI RX Bit Error Rate (BER), measured as | x 10% 
Byte 149 | byte MCSI TX Modulation scheme, measured as MCS index 


represent a maximum possible decimal value range from 0 to 65,535. With units of 0.1 
GHz this gives a maximum possible range of 0.1 to 6553.5 GHz. While this is excessive 
given the current state of the art of THz devices it leaves a very wide frequency range avail- 
able for future THz devices without requiring a new revision. It must be considered that 
once a memory location has been defined it cannot be changed in future revisions for 
backwards compatibility reasons. This means only registers which were previously unused 
can be defined in future revisions. The CW1 represents channel width with a range of 0.01 
to 655.35 GHz. If reduction in memory space is required, CW1 could be reduced to a 
single byte value with a range of 0.01 to 2.25 GHz, 0.1 to 22.5 GHz or 1 to 255GHz 
depending on requirements and device characteristics. TX power is a 4-byte value ranging 
from a power output of 1 nW up to 4.29W (2°). Bitrate shares the same range as WF1 
representing 100 Mbps to 6.5 Tbps. Bit error rate (BER) is a single byte value with a range 
from 1 x 107! to 1 x 10355. Other methods to detect and control the error rate of the active 
THz link can be defined and can be automatically controlled by the PHY, MAC or NET 
layers depending on user demands. The modulation scheme used can similarly be auto- 
matically decided by the ASIC based on other THz device factors, or it can be specifically 
chosen by the MAC or NET layers by writing the desired value to the register. MCS index 
in this context refers to an index used in the 802.11 Wi-Fi specifications related to modu- 
lation formats (QPSK, QAM-16 QAM-256 etc.). Alternatively, a number of the previously 
mentioned variables can be defined such that they are compliant with an associated IEEE 
specification such as IEEE 802.15.3d-2017.[33] Defining variables in this fashion ensures 
they are compliant with the specification while also potentially reducing the memory space 
required for some variables such as frequency and channel width due these variables now 
having a fixed range according to the specification. 

In the event that more than 128 bytes of memory are required to store all the parameters 
necessary for THz operation extra memory ‘pages’ can be added as required as the 
majority of the 255 available pages are currently unassigned. Certain parameters can also 
be derived using a more complex formula instead of a simple product. 

These example values represent the structure which can be defined to integrate THz 
wireless links with the SFP specification. A specification extension designed in this way 
would allow for backward compatibility with existing SFP network devices. Functionality 
would be limited for existing devices due to the lack of software functionality to inspect for 
and decode the new THz pages. The THz hardware can still operate and establish a THz 
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link in this case however, as the embedded ASIC can sweep and search for other THz links 
in the area and establish a point-to-point link if another device is found. For more advanced 
features such as THz beamsteering or point to multipoint communication the ability of 
the SFP host device to communicate with the ASIC is required. This can be achieved on 
standard data centre switch by updating its OS with new software code to read and write 
to the new THz EEPROM page(s). This would enable the switch and hence the network 
administrator or SDN controller to control and configure the THz link as they desire. 
While user control of THz links has been established at this point integration of 
THz links with SDN principles has not yet been achieved. At this point, controlling the 
THz link can only be done from within the switch itself either manually by a user or auto- 
matically via the OS. In order for the links to be considered part of SDN they need to be 
controllable and configurable from an autonomous SDN controller. This means that the 
THz EEPROM values need to be abstracted such that they are accessible and able to be 
modified by a remote device. The use on an SDN process, protocol, and API are necessary 
to achieve this type of functionality. There are a number of SDN protocols available and 
the implementation of new features such as THz link monitoring and control is highly 
varied and non-trivial for each protocol. In many cases once a specification or revision 
is created for an SDN protocol it is not backwards compatible with legacy devices. The 
reason for this is that many SDN control protocols are highly integrated into the data 
plane meaning support for a specific version of that protocol is defined in the hardware of 
a network switch and its data packet processor. This often means that any revision of an 
SDN protocol that requires an increase in memory space is unlikely to be supported by an 
existing packet forwarding processor as that processor was fabricated without the required 
memory space. This is not necessarily true for all SDN protocols, however. An investigation 
on how to abstract these THz parameters with three of the major SDN protocols follows. 


17.2.2 OpenFlow Implementation 


The OpenFlow protocol is the original and most widely known protocol in SDN.[34] 
This pioneering protocol introduced the concept of a network with a centralized control 
plane. This control plane forms the basis of the ‘brain’ of the network controlling network 
functions such as routing, firewalls, and load balancing.[35] This control plane is fully 
software-based and can be run on any commodity server. This control plane connects to 
an OpenFlow-supporting network switch using the OpenFlow API. This switch no longer 
operates using its own internal control plane leaving only the packet processor (known 
as the data plane) available to be configured.[36] OpenFlow-supporting switches con- 
tain a data path architecture that processes incoming packets through a series of flow 
tables containing flow rules. Each incoming packet progresses through the available flow 
tables until it successfully matches an existing flow rule. Each rule in a flow table has an 
associated action to perform when a packet is matched to it such as sending the packet 
out a specific port, sending the packet to an SDN controller for inspection, dropping the 
packet, and more. 

A diagram of the standard OpenFlow architecture can be seen in Figure 17.6. An 
SDN controller connects to the OpenFlow Agent service, which runs on the switch OS 
and installs new flow rules and actions into its packet processor based on what net- 
work functions the user has chosen to implement on the network. Thus network 
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Figure 17.6 Overview of OpenFlow architecture. 
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functions such as routing and load balancing can now be achieved on a network by 
installing the correct set of flow rules and actions on each device in the network. This 
eliminates the need for separate hardware devices to perform these actions as is 
required in traditional networking. It also removes the need for complex and propri- 
etary control planes in each network device, which enables heterogeneous network 
infrastructures with inter-operable OpenFlow network devices available from any 
supporting manufacturer. This is in contrast to traditional networking, where many 
control plane management systems were proprietary and specific to each manufac- 
turer. The advantages presented by SDN functions and commodification of network 
devices has led SDN and the OpenFlow protocol to become widely adopted in data 
centre environments and beyond. 

The OpenFlow protocol has seen many major revisions since its inception adding new 
and improved features for each successive revision. One major revision of the OpenFlow 
protocol is version 1.4, which added support for tunable optical SFP modules based on 
the previously mentioned SFF-8690 specification.[37] To enable this functionality in 
OpenFlow, the addition of new memory blocks (also known as structs) was required. 
These structs play a key role in the operation of the packet processor as it uses them to 
store and update many variables used in real time as packets are processed through the 
flow table pipeline. One of these structs can be seen in Figure 17.7 specifying a number of 
variables which can be used to store information for the optical properties of tuneable SFP 
modules. It is noticeable that the size in bytes and names of these variables are not exactly 
the same as the SFF-8690 specification, thus signifying that a software translation of these 
variables to the specification occurs elsewhere in the process. 
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/* THz port description property. */ 

struct ofp port_desc_prop thz { 
uintlé_t types /* OFPPDPT._ THZ 7 
uintlé_t length; /* Length in bytes of this property. */ 
uint8_t pad[4]; /* Align to 64 bits. */ 
uint32_t supported; /* Features supported by the port. */ 
Hints cm tet Leg, = T TEZITX Ezeauen Ga / 
UINeCSZeCRCKenace,/ =e IHZ IX bitrate */ 
uint32_t tx chan freq; /* TX THz Channel Width Frequency */ 
uint32_t rx_freq; /* RX Frequency */ i 
uint32_t rx rate; /* RX bitrate */ 
uint32_t rx_chan_freq; /* RX Channel Width Frequency */ 
uintl6_t tx_pwr; /* TX po a / 
uintl6_t rx_pwr; /* RX power */ 

}; 

OFP_ASSERT (sizeof (struct ofp_port_desc_prop_thz) == 40); 


Figure 17.7 The addition of a struct to control optical wavelength in OpenFlow 1.4.[48] 


As the addition of these new structs in version 1.4 required significant changes to both 
the memory and hardware functionality of OpenFlow-supporting devices it resulted in the 
version being incompatible with all previous versions of OpenFlow. This means that a net- 
work ASIC manufactured to the 1.3 specification is not capable of being updated to 1.4. 
This disadvantage has to be taken into consideration when designing and implementing 
OpenFlow support of THz links. The implementation of THz links in OpenFlow follows 
the same design principles as the implementation of support for SFF-8690. A new subse- 
quent protocol version can be defined and a series of memory structs can be created that 
mimics the design of the EEPROM parameters for THz links. An example of this THz 
struct can be seen in Figure 17.8. Based on the OpenFlow 1.4 specification, these variables 
will also be independent of the associated THz SFF specification and will be transformed 
to the required values by a software function. As previously mentioned, this implementa- 
tion will be incompatible with devices supporting previous version of OpenFlow due to 
memory and hardware differences. A THz SFP module could still transmit and receive 
data on a legacy OpenFlow switch but visibility and control of the THz parameters and 
features would not be available to the SDN controller. Nevertheless, developing support 
of THz links with the OpenFlow protocol should be considered as it remains the most 
ubiquitous SDN protocol with a large development community surrounding it. It is also 
the simplest method of achieving full data-plane integration of THz links using a single 
protocol. Its fixed hardware nature and high production volumes allow for rapid proto- 
typing with lower development costs and likely a shorter time to a production-ready 
release in comparison to other SDN protocols. 


17.2.3 P4 Implementation 


P4 is a programming language specifically designed for use with data plane devices. P4 
aims to change the way traditional packet forwarding is designed and implemented. The 
original specification was created in 2014 with an updated specification released in 2016. 
[38] P4 follows the same principle for forwarding packets as OpenFlow as it also contains 
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Figure 17.8 Example possible OpenFlow struct for THz parameters. 


a match-action table structure. Unlike OpenFlow, however, the process by which a packet 
is processed through the pipeline is now programmable instead of fixed in nature as it is 
OpenFlow. P4 achieves this by having programmable parsing logic.[39] In a traditional 
network packets sent though the network are constructed following the standard open 
systems interconnect (OSI) model.[40] Packets in this model contain strictly defined 
headers with each header identifying the protocol it is operating on and other relevant 
values related to the use of that protocol. A traditional packet processor contains a fixed- 
function pipeline where each function is designed to parse and process a specific header 
and protocol. OpenFlow devices also use fixed parsing logic. By using programmable 
parsing logic, P4 network devices are protocol independent meaning its packet processing 
capabilities are not limited by the OSI model or currently defined network protocols. 
A network built entirely of P4 devices could enable a fully software-defined data plane 
where packet headers can be created, parsed, and processed using a definition entirely 
developed by the owner of the network. This definition can also be re-configured on any 
device at any time after deployment enabling new network protocols to be created and 
implemented on existing devices. In comparison the creation of a new packet processor 
would be required in OpenFlow to support the new protocol. This software-defined parser 
also enables the P4 architecture to be compiled and implemented across multiple different 
device architectures while sharing the same functionality. The devices for which P4 code 
can be compiled for are known as targets and can include standard CPUs, FPGAs, systems 
on a chip (SoCs) and ASICs.[41],[42] Programmable actions are also possible with P4, 
which gives the user a high amount of flexibility in what to do with a packet compared to 
the fixed number of actions possible using OpenFlow. P4 also contains a feature known as 
externs, which are values or parameters than can be used to store information outside of 
the packet processing pipeline thus enabling stateful processing. The P4 architecture model 
can be seen in Figure 17.9. 

A user creates their P4 program containing all their desired network functions in the 
form of parsing and action code. This code is created based on a manufacturer-created 
architecture model, which specifies the externs available on the target device and the arith- 
metic logic operations it is capable of performing. This program is then compiled by a P4 
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extern Register<T> { 
Register(bit<32> size); 
T read(bit<32> index); 
void write(bit<32> index, T value); 


The type T has to be specified when instantiating a set of registers, by specializing the Register type: 


Register<bit<32>>(128) registerBank; 


Figure 17.9 P4 architecture model. 


Register<bit<i>>( ) THzBank; 


extern Register<thz_freq> { 
Register (bit<16> size); 
thz_freq read(bit<l6> index) ; 
void write (bit<l6> index, thz_freq value); 


} 
//index = 4 (132 - 128) 


Figure 17.10 Example of how to access registers as extern values in a P4 program.[41] 


compiler, which is also supplied by the manufacturer of the target device. The compiler 
loads the defined parsing and action logic into the data plane of the device and specifies 
the desired API to allow the control plane SDN controller to interact with the device. The 
SDN controller can use this API to install new rules in the target devices match-action 
tables and read from and write to the available external “extern” objects. The capabilities 
of P4 make it a very powerful language for data centre networks with the improved flexi- 
bility it brings considered to outweigh the disadvantage of increased complexity in com- 
parison to OpenFlow. 

In order for THz links to be configurable by an SDN controller using P4 a number 
of conditions must be met. First, the data plane device must contain an FC bus in order 
to access the SFP ASIC. Second, control logic must exist within the P4 packet processor 
to allow access to the THz SFP EEPROM in the form of addressable extern values. The 
ability for registers to be defined can be seen in Figure 17.10 showing how to initialize a 
bank of registers and how to read and write to a specific register. This is a standard feature 
defined in the P4-16 specification. 

The ability to define a bank of registers means that definition of a register bank that 
matches the proposed THz SFF specification is possible. Example P4 code to create a THz 
parameter register bank and associated read and write functions can be seen in Figure 17.11. 
There are a few things to note about this example. The first is the definition of the memory 
bank follows that of the EEPROM with a bank of 128 registers (2nd page of the diagnosis 
block), which are 8 bits (1 byte) in size. Defining the bank in this way would allow for a 
direct mapping of the EEPROM registers to the P4 memory bank, thus requiring no 
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Figure 17.11 Example definition of P4 THz extern value. 


translation function to be necessary. It can be seen in the register definition for THz fre- 
quency, however, that it requires a size of 16 bits as given in the SFF specification. There 
are a number of solutions to this. The first is to simply modify the code to split the register 
definition into two separate 8-bit sections and re-combine them to get the correct value 
and performing the inverse for a write operation. The next solution is for the device manu- 
facturer to define a function in their architecture model, which automatically recognizes 
when a defined register exceeds the size of a single register in the memory bank. When the 
read or write function is called it will automatically re-factor the register for the correct 
size of the bank based on the index value adding 1 to the index value for every 8 bits. An 
indirect memory bank mapping is also possible as seen in OpenFlow where a memory 
bank with 32-bit registers is defined. In this case a function to translate the values to the 
SFF specification will be required in the manufacturer’s architecture model. The index 
value of 4 in this example refers to the first register used to define THz frequency in the 
example SFF specification. Byte 132 is 4th byte in the new EEPROM page. 

A THz memory bank should be available for each SFP port contained on the switch. 
Once the extern mapping is completed match-actions can be created that read or write to 
the extern registers. Programmable actions can be created, which can access and modify 
THz link parameters in real time on a packet by packet basis if required. This could be 
useful for implementing THz features such as high-speed beamsteering in the future. These 
extern values will also be accessible to the SDN controller via the chosen control plane 
API where a network of P4 THz switches can be monitored by the controller and network 
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functions can be implemented. Given the programmable nature of P4 it is also possible 
for new THz features added in a future SFF specification to be programmed into already 
existing P4 devices, provided it has the correct architecture model to allow for changes 
in register definitions. The software-defined nature of controllers also allows them to be 
updated to support new THz features as they become available. 


17.2.4 NETCONF 


The NETwork CONFiguration (NETCONF) protocol pre-dates the era of SDN and pre- 
viously existed as a network protocol which could be used to remotely change the con- 
figuration of supporting network devices. A remote network device such as a user or 
SDN controller can connect to a network device such as a switch or router using the 
NETCONF protocol and read or update the devices current configuration. To achieve this 
a NETCONE server must be ran as a service contained within the network devices OS. 
This NETCONF service maintains a data store of yet another next generation (YANG) 
modules. These modules are used to define specific parameters that are available to be 
configured on the network device. When a user or controller wants to change or read 
the configuration of a device, it connects to the NETCONF server and sends or requests 
data in the same structure and format of that YANG module. An example diagram of 
the NETCONF architecture can be seen in Figure 17.12 where a modern SDN controller 
replaces the user and management systems previously used. The ease of implementation of 
the NETCONF protocol has enabled its use in optical networks on devices such as recon- 
figurable optical add-drop multiplexers (ROADMs), a device which previously had limited 
configurability and flexibility.[43] 

A NETCONE server is designed to contain an API that enables OS-level applications to 
access and update parameters stored within its YANG-defined datastore. It also allows 
applications to contain a call-back function, which executes when the parameter it is 
monitoring in the data store is updated from a remote device. To achieve SDN control of 
THz links with the NETCONF protocol, a NETCONF server and data handling service 
needs to be installed on the OS of the network device (in this example a switch). ‘Sysrepo’ 
is an application which provides this service as a complete solution for network devices 
operating on a Linux-based OS.[44] An architecture diagram for this solution can be seen 
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Figure 17.12 NETCONF system architecture. 
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in Figure 17.13 showing the process of accessing and configuring a THz SFP module from 
the SDN controller from left to right. 

The first step for integrating control of THz links with the Sysrepo engine is develop- 
ment of an application which can access and modify the THz EEPROM registers using the 
PC bus. This can be achieved using the C programming language as it contains native 
driver headers needed to utilize the PC bus on the switch and is also the API used between 


module sysrepo-thz-system 
I{ 
yang-version 1; 
namespace "urn:ietf:params:xml:ns:yang:sysrepo-thz-system"; 
prefix sysrepo-thz; 
description "Sysrepo THz Wireless S 
container thz 
| £ 
description "Container for THz parameters"; 
leaf port 
{ 


= 


P YANG Module"; 


type uintâ; 
description "Which SFP port on the switch will be accessed"; 
} 
leaf frequency 
{ 
type uint16; 
description "THz link frequency value"; 
} 
leaf width 
{ 
type uint16; 
description "THz Channel Width"; 
} 
leaf txpower 
{ 
type uint32; 
description "THz Transmit Power"; 
} 
leaf txbitrate 
{ 
type uint32; 
description "THz Current Bitrate"; 
} 
leaf ber 
{ 
type uint8; 
description "Current Bit Error Rate"; 
} 
leaf modulation 
{ 
type uint8; 
Gescription "Current Modulation Scheme"; 
} 
i? 
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Figure 17.13 NETCONF architecture to implement THz links. 
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Figure 17.14 Example YANG model containing THz link parameters. 


Sysrepo and the host OS. Once application control of the THz device is verified a YANG 
module needs to be created that is based on the EEPROM register definitions in the 
example SFF specification. An example of this YANG module can be seen in Figure 17.14, 
which defines the type and size of the parameters utilized by the THz module.[45] 

Once this YANG module is installed in the Sysrepo data store, the C application can be 
modified to connect to the Sysrepo service, and independent functions can be defined for 
each leaf parameter value found within the YANG module. The C application can period- 
ically update the data store with new information taken from the THz EEPROM or can 
wait for the data store to be updated remotely, signifying a desired configuration change 
and writing the new value in the data store to the THz EEPROM. The function performed 
by the C application can be tailored to user requirements and use cases. Similar to pre- 
vious protocols a C translation function can exist in the application to convert between 
the YANG values and the EEPROM values. Once the YANG module is installed and the 
C application is connected to Sysrepo, the THz SFP module is available to be configured 
from an SDN controller. The controller can connect to the NETCONF server running on 
the switch and using the THz YANG module to read or write to parameters within that 
module to control the THz link. A major advantage to this implementation compared to 
OpenFlow or P4 is that it is backwards-compatible with existing network devices. Unlike 
those protocols where a new specification or architecture model is required the NETCONF 
system is fully software-based and as such is implementable on any device using a Linux 
OS kernel and containing an IC bus at any time. Like P4 it can also be updated to enable 
new THz features on any device as they become available as it only requires an updated 
YANG module and C code. One major disadvantage to this implementation is the lack of 
interoperability with packet forwarding processors. This means traditional networking or 
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Table 17.2 Comparison of Requirements for implementing SDN control of THz links 


Requirements OpenFlow P4 NETCONF 
Complexity Medium High Low 
Development time Medium High Low 
Upgradeability Low High High 

Data plane control Fixed Programmable None 
THz control speed Fast Fastest Slow 
Backwards compatible No No Yes 
Real-time features Limited Supported None 


the use of a second SDN protocol is required by the SDN controller to achieve full control 
of all network devices. This increases the complexity of programming VNFs for the SDN 
controller as now the application needs to be written to operate with two different SDN 
APIs at once. This trade-off could be seen as acceptable, however, to enable SDN control 
of THz links on legacy network devices. 


17.2.5 Summary 


In summary, Section 17.2 has defined how to implement SDN control of THz links in 
data centre networks based on an extension of the SFF specification for SFP modules. 
Abstraction of this specification to be configurable via an SDN controller was also 
described for three common SDN API’s OpenFlow, P4, and NETCONF. As shown in 
the description of these APIs, there are a number of advantages and disadvantages to 
the implementation of each, thus the protocol chosen to be implemented may depend 
on the requirements of the THz link user and their requirements. Table 17.2 shows a 
summary comparison of some important requirements that should be considered when 
implementing SDN control of THz links. Real-time features is an important metric for 
THz wireless links and describes functions that require a very high processing speed when 
a configuration change is made. THz beamsteering can be considered a feature, which 
requires this in order to implement advanced wireless network techniques such as time 
division multiple access (TDMA). Such features are not possible with the NETCONF 
protocol as the control plane is not capable of changing the configuration at the rate 
required. While possible with the OpenFlow protocol its fixed-function data plane limits 
the capabilities of real time features. This makes P4 the protocol of choice for development 
of advanced THz network features and should be considered as the long-term choice for 
future THz SDN development. 


17.3 THz Network Function Virtualization 


Once abstraction of the parameters to control THz links at the network layer is achieved 
(as described in the previous section), virtual network functions must be created which use 
these parameters in order to effectively manage THz wireless links within a software- 
defined network. The first step in this process is to choose an SDN controller to test imple- 
mentation of THz VNFs. An SDN controller known as Ryu was chosen for this task. It is 
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Figure 17.15 Ryu SDN Controller Architecture.[49] 


an SDN controller based on the Python programming language and contains several 
functions and features useful for SDN development.[47] Ryu's software architecture can be 
seen in Figure 17.15 showing the data plane network switches at the bottom connecting to 
Ryu via OpenFlow or another protocol. Ryu contains a number of built-in apps to provide 
basic NET functions such as topology discovery, firewalls and more. A user could choose to 
expand the built-in apps in Ryu to support THz links or develop an independent VNF 
which interfaces with the controller, denoted by the SDN applications in this diagram. 


17.3.1 Topology Discovery 


One potentially major change to the way SDN will operate with THz wireless links is in 
the method of topology discovery. Traditionally a wired point-to-point link only has one 
possible destination. The link layer discovery protocol (LLDP) exploits this principal to 
determine what devices are connected to each other on the networks data plane.[46] An 
SDN controller sends a command to a connected switch to perform LLDP on a specific 
port. This port sends an LLDP packet out of its interface, which is received by a port on 
another switch. When this switch detects it received an LLDP packet, it responds with its 
own unique identifier and the port on which it received the packet contained in a metadata 
format. With future THz links capable of beamsteering, point-to-multipoint communica- 
tion between devices becomes possible. In order for LLDP to support this new form of 
communication, a number of changes have to be made. The topology discovery function 
contained within the SDN controller must be modified in order to support the concept of 
point-to-multipoint communication. This can be achieved by programming the controller 
and topology discovery function to maintain metadata tables, which can contain more 
than a single instance of an LLDP respondent. This table can later be used to determine 
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THz Rack A 


SDN Controller 


THz Rack B THz Rack C 


Control Plane 
Figure 17.16 Example LLDP sequence diagram for THz links. 


what THz-enabled switches are within range to establish a connection with each other and 
if more than one THz link is available between a set of switches. 

In order to detect other THz links in range, the THz device will need to perform a 
detection process to scan for other possible THz links. This detection process can be 
standardized as an ASIC function in the THz SFF specification or it can be implemented 
as a MAC function embedded in the switches packet processor. When an LLDP packet is 
received, this triggers the THz detection function, which sweeps and sends a further LLDP 
packet to all THz receivers within its range. The receiving switches recognize this LLDP 
packet and respond to the controller on the control plane network specifying what switch 
they are and what port they received the LLDP packet on. A sequence diagram for the 
operation of the new THz LLDP function can be seen in Figure 17.16 where a traditional 
point-to-point LLDP sequence can be seen in black. The expanded operation of the new 
point-to-multipoint THz LLDP can be seen in green and red, showing the THz detection 
process and switch metadata response to the controller. 


17.3.2 Real-Time Features: Time Division Multiple Access 


As mentioned in the previous section, the use of technologies such as phased array antennas 
to enable THz beamsteering provides an opportunity to implement advanced wireless 
networking features previously unused in a data centre environment.[47] In a large data 
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Figure 17.17 Visualization of THz TDMA being implemented as an SDN VNF. 


centre network with these beamsteerable THz devices techniques such as TDMA can be 
implemented in order to improve wireless network’s flexibility and performance. TDMA 
allows multiple wireless devices to access a shared medium using timeslots to specify when 
each device on the network can transmit data. This can greatly improve performance of 
wireless networks by reducing interference and collisions. It also enables point-to- 
multipoint communication where high-speed THz beam switching can be used to main- 
tain an active network connection between a single source THz device and multiple 
receiver devices. Through the use of SDN the TDMA configuration of devices can be 
updated in real time, thus greatly improving the flexibility offered particularly in com- 
parison to traditional wired point-to-point networks in most datacentres. Figure 17.17 
gives a visual representation of a possible TDMA implementation in a datacentre between 
3 THz racks in communication range with each other. The coloured and dashed lines 
represent which connection is active during each timeslot. 
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The SDN controller in this implementation is capable of defining and configuring a 
TDMA network based on the available THz devices it controls, the capabilities of the 
THz devices and the current network conditions. However, to execute TDMA, a THz 
beamsteering function still needs to be performed, which is processed at the ASIC level. 
If the command to execute beamsteering is given from the SDN controller to the THz 
device at each timeslot window, it would result in significant execution delays to the point 
of unfeasibility. This is the only method available to the NETCONF protocol meaning it 
is not possible to use it for this type of real-time feature. While it may be possible to alle- 
viate the execution delay by performing some caching of beam switching data on the THz 
device the software delay caused by the OS kernel on the device would likely still limit its 
usability. 

To implement this feature effectively, OpenFlow or P4 is required. Both these protocols 
can be designed to cache the timeslot and associated beamsteering information in packet 
processor memory, allowing them to quickly execute a THz beam movement on each 
timeslot change. OpenFlow is more limited than P4 in this sense, however, given its fixed 
pipeline nature. This means that only fixed timeslot windows can be defined in packet 
processor memory, which limits flexibility. P4’s programmable pipeline is capable of being 
configured by the SDN controller for any desired timeslot window in comparison. 

One final limitation to be aware of in this implementation is the execution time from the 
switch CPU or packet processor to the THz ASIC. This command needs to be sent over the 
PC data bus, which operates at specific clock rates. This means that the minimum timeslot 
size possible is dependent on the clock rate of the PC bus as it will likely always require 
beamsteering to be performed. There are four clock rates of the PC bus available with a 
corresponding minimum timeslot window: 


100 kHz, 10 microseconds 

400 kHz, 2.5 microseconds 

1 MHz, 1 microsecond 

3.2 MHz, 0.3125 microseconds 


baz tă = 


Note that this does not include any overhead required for executing the beamsteering 
function or time taken to physically perform beam steering. These overheads need to be 
included for effective operation. For optimal performance, a 3.2MHz FC controller should 
be used with these devices as data centre workloads can often be sensitive to latency. Thus 
the minimum timeslot size is preferred. This can depend on the overhead, however, as 
smaller window sizes reduce data throughput due to more of the timeslot being used to 
perform beamsteering. The SDN controller can configure what length of timeslot to use to 
favour throughput or latency depending on the services operating on its network. 


17.3.3 THz Routing, Load Balancing and Fail-over 


For effective utilization of THz links, common network functions need to be updated to 
interact with the new THz parameters. While an SDN controller can now successfully 
access and modify the THz controlling registers located in a THz SFP module, the use- 
fulness of this ability is limited until it is incorporated into an SDN controllers built-in 
or external network functions. Once incorporated into a VNF, control of the THz link 
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def find path cost(self,path): 

path_cost = [] 

for i in range(len(path) - 1): 
portl = self.neigh[path[i]]{[path[i + 1]] 
bandwidth_between_two nodes = self.bw[path[i]] [port1] 
if (self.thz[path[i]] [portl]): 

path_cost.append(THZ POWER / bandwidth _between_two_nodes) 

path_cost.append (bandwidth _between_two_nodes) 

return sum(path_cost) 


Figure 17.18 Network topology for THz NFV testing. 


"Host: h6" 


Hbit 


Figure 17.19 Excerpt of Ryu THz Routing algorithm. 


can be automated instead of requiring manual input. To test this a network, a testing 
environment needs to be created. This network environment was created in the network 
emulation tool Mininet mimicking a collapsed tree model typically found in a data 
centre environment. The network topology tested can be seen in Figure 17.18 with 16 
hosts and 21 switches. An SDN controller (not pictured) is controlling all switches via 
the OpenFlow protocol. A number of THz links exist as seen with the dotted red lines 
between hosts H6 and H3 which will be the basis for testing of network functionality of 
new THz NFVs. 

The first step in improving utilization of THz links is the development of a routing algo- 
rithm, which considers various THz parameters when calculating its routing decisions. In 
this example, all THz links in the demonstration are set to a bandwidth of 10 Gbps while 
all wired links are set to a bandwidth of 1 Gbps. The reason for this is to design the THz 
routing algorithm to initially favour routing traffic between H3 and H6 over the THz 
links. This routing algorithm is quite simple and is based on creating a path cost value for 
various potential routes between H3 and H6. The switch begins the route calculation with 
the switch connected to H3 and calculates the cost of the available paths based on the 
available link bandwidth. The available bandwidth cost is measured based on current 
throughput load of the link versus its maximum bandwidth. In this case, a new parameter 
is added when calculating the cost of a route path: the THz transmission power. If the 
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Time Source Destination Protocol Info Delta Time ^ 


0.010547433 10.0.0.6 10.0.0.3 TCP 58236 + 5201 [AC... 0.000745424 


0.001165694 10.0.0.3 10.0.0.6 TCP 5201 + 58236 [AC... 0.000538799 
0.001134234 10.0.0.3 10.0.0.6 TCP 5201 + 58236 [AC... 0.009508209 


0.781027424 10.0.0.3 10.0.0.6 TCP 5201 + 58236 [AC... 0 . 000482992 


Figure 17.20 TCP test showing re-routing of THz traffic through loss of throughput. 


algorithm detects that the connection between the current hop and the next is a THz link, 
it will adjust the cost associated with path based on the current THz transmission power 
of the device. An excerpt from this algorithm can be seen in Figure 17.19. 

As previously mentioned, the initial state of the routing algorithm should favour using 
the 10 Gbps THz links. During link testing, however, the THz transmission power is set 
to slowly decrease over time. This should eventually cause the routing algorithm to switch 
the data flow between H3 and H6 over to the 1 Gbps wired link when the path cost for 
the THz link exceeds that of the wired link. In this example, an available bandwidth of 
1 Gbps between nodes is given a cost of 10 while a 10 Gbps link is given a cost of 1. A THz 
transmission power of 1 micro-watt (uW) is given a cost of 1 with a transmission power of 
0.1 uW given a proportional cost of 10. This routing algorithm runs continuously within 
the SDN controller as a background process. This means as the transmission power of the 
THz device weakens over time the SDN routing algorithm should automatically switch 
the flow of traffic between H3 and H6 from the THz link to the wired link once the cost 
of the THz link exceeds the cost of the wired link. If the controller performs this action 
successfully it signifies the algorithm is capable of enhanced routing, load balancing and 
fail-over capabilities. While this example algorithm is simple in nature it provides a proof 
of concept for the successful implementation of future and further advanced THz VNFs. 
The results of the test can be seen in Figure 17.20. A TCP is sending the maximum amount 
of data possible between H3 and H6. During this test THz transmission power is slowly 
decreased until the route cost for the THz link exceeds that of the wired link at t=14 
seconds. At this point the controller successfully re-routes the traffic to be sent over the 
wired link at 1 Gbps. 

It is important for network reliability purposes that this path change and fail-over 
procedure occurs with minimal delay. Figure 17.21 contains packet capture data, which 
shows the service interruption delay caused by the path change. In this example, network 
connectivity was restored in 310 ms, as noted by the maximum TCP delta time. This time 
represents the value of time in seconds, which passed between this packet being received 
and the previous one in the TCP sequence. In this example the TCP transmission was able 
to resume after the service interruption. 
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Time Source Destination Protocol Info Delta Time ^ 


0 .010547433 10.0.0.6 10.0.0.3 TCP 58236 + 5201 [AC.. @.000745424 
0.001165694 10.0.0.3 10.0.0.6 TCP 5201 + 58236 [AC.. 0 . 000538799 
0.001134234 10.0.0.3 10.0.0.6 TCP 5201 - 58236 [AC.. 0.009508209 


0.781027424 10.0.0.3 10.0.0.6 TCP 5201 - 58236 [AC... ®.000482992 


Figure 17.21 Latency test result for THz fail-over function. 


17.4 Conclusions 


Based on the investigations performed and results gathered we can conclude that full inte- 
gration of terahertz-based wireless devices with software-defined datacentre networks is 
possible. A number of methods have been found to implement SDN control of THz links 
and their introduction into a datacentre environment could cause a dramatic change in 
the architecture and behaviour of networks that use them. With the bitrates offered by 
THz devices continuing to increase their improved flexibility combined with their conveni- 
ence and potentially reduced physical footprint make them a very lucrative technology in 
space-saving datacentre network designs. THz technology features such as beamsteering 
have the potential to enable radically different network architectures in the future with the 
future potential features and performance of this technology in infrastructure networks 
exceeding that of both wired and other wireless technologies. 


17.4.1 Future Research Directions and Challenges 


Given the information discovered throughout the course of this chapter, further research 
into the development of an SDN protocol capable of controlling THz links should specif- 
ically focus on the P4 protocol. The performance advantages presented by the P4 protocol 
in comparison to other SDN protocols particularly in the enablement of real-time THz 
network features make it a primary candidate for future research into its implementation 
and increasing the number of THz network functions and features it provides. 

There are several challenges that need to be overcome in future THz network research. 
The development of an ASIC capable of controlling a THz device which is also compat- 
ible with existing network switches and SDN protocols is not a trivial task. Development 
of such an ASIC is required for THz devices to become commercially feasible thus is an 
important area of research and a development challenge that must be overcome for future 
THz devices. Standardization is also a future area and challenge for THz device research. 
While standards are available for THz frequency bands for communication, there is cur- 
rently no standard specification or method to interface THz devices with the existing 
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network equipment, either in terms of physical interfacing or in terms of standard net- 
work protocols. This chapter envisions the use of SFP and P4 as the standard methods 
for interfacing THz devices with data centre network equipment, but officiating such a 
standard is challenge and is the subject of future research efforts. 
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